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ABSTRACT  
 
Materials selection and construction practices significantly affect Indoor 
Environmental Quality (IEQ). While there are many individual studies on the 
effect of building materials on thermal comfort, day lighting, and other factors of 
IEQ, further investigations are needed to study their effect on the Indoor Air 
Quality (IAQ) in hot arid climates, such as Egypt. Construction materials 
contribute to the emission of air pollutants in indoor environments; consequently 
occupants are exposed to multiple pollutants simultaneously as an apparent 
interaction between the different types of construction materials and room 
temperature. Limited information is published on specific standards and 
guidelines for the IAQ considerations in Egypt.  
 
 Human health and safety are two core values in sustainable development. 
Hence, the goal of this work is to investigate the impact of the built environment, 
namely, construction materials on IAQ. The study first identifies pollutant 
sources and their corresponding health impact due to short term and long-term 
exposure. The study also aims at quantifying the levels of a group of pollutants at 
a steady state controlled environment and to propose effective source control 
strategies for their reduction and possibly elimination. Field studies were 
conducted during January and February in Cairo to monitor Volatile Organic 
Compounds (VOCs), formaldehyde (HCHO), ammonia (NH3), radon gas and 
particulate matter (PM2.5) and (PM10) activity. The indoor air is monitored in 
nine locations, four during the construction process and five after the completion 
of construction. Chemical analysis and direct reading devices are used for air 
sampling and monitoring, in addition to recording indoor and outdoor relative 
humidity, temperature and Carbon Dioxide (CO2) concentrations. 
  
 The results of this work offer: recommendations to the building design 
process of material use that should be eliminated or improved to reach desirable 
IAQ conditions in hot arid climatic zones and the development of an IAQ index 
as an assessment method that compares the measured parameters to existing 
recommended standards. The results of this study reveal a variation within the 
recommended benchmarks after the completion of construction and application 
of different finishing materials. For the purpose of this investigation, three rooms 
were built and a number of finishing materials were applied. The data gathering 
challenges and collected data is tabulated. The results reveal that the 
concentration of some pollutants decreased within the first year of construction, 
others have remained above target limits. The results contribute to the decision 
making process among engineers regarding the selection of appropriate materials 
to reduce negative impacts through the implementation of appropriate source 
control strategies. Based on the conclusions and limitations of this study, 
recommendations for future work are documented. 
 
 
 
Keywords: Indoor, Air Pollution, VOC, Residential, Materials, IAQ Index. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Overview 
Design decisions, materials selection, and construction practices are factors that 
influence the performance of buildings. Since buildings are created as a means of 
protection from outdoor conditions, and to provide amenities that would increase the 
user’s comfort and wellbeing, it is essential to monitor the factors, which may 
unintentionally pose moderate to significant health risks on occupants. Indoor 
Environmental Quality (IEQ) refers to the quality of the built environment in relation 
to the health, and wellbeing of the building’s occupants. The factors that contribute to 
IEQ include thermal comfort, Indoor Air Quality (IAQ), acoustic performance and 
visual comfort (Raimondo, 2012).  
Sources of indoor contaminants that contribute to poor IAQ include outdoor 
sources as well as indoor sources such as activities, building materials, and 
furnishings. With the introduction of chemicals in the building industry, the 
coexistence of materials in the indoor environment exposes humans to complex 
compositions of air pollutants. Therefore, the investigation of the combined effect of 
these contaminants is essential. In developed countries, there has been an increasing 
concern about contaminants in building environments and potential exposure risks to 
occupants (Godish, 2001). Ted Shettler (2010), keynote speaker in a workshop hosted 
by the US Green Building Council, states that many components used have not been 
tested and their safety profile is unknown. This is problematic because standards are 
available for only some pollutants while humans are typically exposed to all 
constituents in the air simultaneously. The reaction of some compounds might even 
generate new secondary pollutants, which are also not fully investigated. In the US 
alone, over 80,000 industrial chemicals are used to manufacture products today and 
only a small percentage has been evaluated for their human health impact. Scientific 
studies found more than three hundred industrial chemicals in umbilical cord blood in 
sampling of babies. These include carcinogens, neurotoxins, and reproductive toxins 
(Greenguard, 2014). The WHO global health observatory estimates that in 2012, 
seven million deaths were caused by air pollution; ambient air pollution contributing 
to 3.7 million deaths while household air pollution was responsible for 4.3 million 
deaths, and 7.7% of the global mortality. Almost 600,000 deaths were documented in 
Africa (WHO, 2012). The U.S. EPA designated indoor air pollution among the top 
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five environmental risks to public health. Based on the data presented by the WHO 
studies in 2012, recent investigation has indicated that the highest death rates are 
associated with acute lower respiratory infections in children as well as heart diseases 
caused by indoor air pollution, as shown in Figure 1.1 below.  
 
 
Figure 1.1 Death rate percentages by diseases caused by indoor air pollution  
(WHO, 2014) 
 
Several attempts to address this problem and further investigate factors 
affecting occupants in non-occupational settings have resulted in an identification of 
indoor contaminants, their sources as well as setting exposure limits. This includes 
efforts on the national level in many countries including Australia, Canada, China, 
Korea, Malaysia, Sweden, Russia and Germany. On a global scale, the WHO and the 
American Standards for Heating, Refrigerating and Air Conditioning Engineers 
(ASHRAE) have set international standards and guidelines for acceptable levels of 
IAQ. In addition, the International Society of Indoor Air Quality and climate (ISIAQ) 
aims to support research that relates to indoor environmental design, construction, 
operation and maintenance, air quality measurement and health sciences. However, 
the agreement on specific criteria and standardization of these levels is necessary for 
34%!
26%!
22%!
12%! 6%! Stroke!Ischaemic!Heart!Disease!
Chronic!Obstructive!Pulmonary!Disease!Acute!Lower!Respiratory!infections!in!children!Lung!Cancer!
 3 
developing countries with higher outdoor pollution rates and the vast availability of 
materials in the construction market.  
Since homes are by definition the place where an individual feels secure 
enough to live permanently, it is essential to base decisions in design and construction 
on the health impact affecting residents. Studying the built environment in real-time 
can help reach a better understanding of the causes of indoor air pollution problems, 
whether materials or systems, and to propose feasible solutions. 
1.2 Problem Statement 
 
The increased use of synthetic building materials introduces new chemicals in the 
construction industry. With the application of these materials in the built 
environment, the emission of pollutants occurs with installation and continues over a 
prolonged time. Since residential buildings host occupants of different age groups and 
health conditions the users show varied levels of tolerance at the same level of 
pollutant exposure. Consequently, the health symptoms due to exposure to indoor 
pollutants vary in severity and are mainly dependent on the individual’s health 
condition, the type and concentration of the contaminant in air. Table 1.1 presents a 
list of pollutants that are commonly found indoors, as well as their sources and 
possible health effects. The pollutants are grouped into inorganic compounds 
including radon, lead and ammonia, which are found in some types of building 
materials and others such as carbon monoxide and nitrogen oxides which are released 
from other sources and can be present in built environments through infiltration. The 
effect of the emissions can be realized due to short time exposure or on a long-term 
basis due to cumulative exposure resulting in more chronic symptoms. The failure to 
identify and quantify the problem will lead to the continuous use of chemicals and the 
introduction of new chemicals in the construction industry, which would in turn cause 
elevated levels of emissions increasing the risk of irritation and diseases. Moreover, 
secondary emissions, which are not yet investigated, and the continuous exposure to 
radiation on the long run may also be the reason behind mutations.  
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 Table 1.1 Indoor air pollutants, their sources and health effects (A
uthor) 
Pollutant 
Source 
H
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ffect 
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Inorganic 
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pounds 
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onoxide ** 
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R
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entilation system
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atery eyes, headache and fatigue, nasal 
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S* 
A
m
m
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S* 
PM
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 board and 
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I* 
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SP 
D
ust, dirt, fibers and building product 
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W
atery eyes, infection of respiratory tract; 
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V
olatile 
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B
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Legend:         * (H
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                      ** G
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O
 
                      K
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aterials) 
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1.3 Research Objectives 
 
This research investigates the impact of building materials on the indoor air quality 
within structures built using synthetic products in Cairo. This will be done to compare the 
effect of the following materials: 
1. Wall structure materials 
2. Interior Wall Finishing Materials 
3. Floor Finishing Materials 
The value of this investigation is that it should encourage the implementation of healthier 
materials ultimately improving air quality in polluted environments and minimizing 
health risks on occupants of residential buildings in Cairo. This research aims to define 
material selection standards and guidelines through developing an index that compares 
IAQ within residential buildings. 
 
The objectives towards fulfilling the research goals are to:  
• Highlight the main factors contributing to IAQ with a main focus on material 
selection.  
• Estimate likelihood of exposure to pollutants in the climatic conditions in Egypt. 
• Investigate the effect of mainstream materials and common construction practices 
on IAQ in residential buildings in Egypt. 
• Propose a framework for materials selection and a tool for the pre/post occupancy 
assessment of IAQ. 
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1.4 Research Method 
 
The research approach that is going to be employed to achieve the listed objectives is 
to: 
1. Conduct a literature review to identify the types of pollutants that are generated by 
building materials and pose a threat to human health. Examining international and 
local standards will be used to provide benchmarks. 
2. Research design of a number of experiments to test the effect of installing 
mainstream materials and common construction practices.  
3. Data Analysis to reveal the main criteria upon which materials should be selected.  
4. Develop an IAQ index as a tool to evaluate IAQ. The index is part of a structured 
framework designed to aid professionals in the design and construction process.  
 
 
•  Conducting a Literature Review to identify 
pollutants generated in indoor environments. 
•  Examining available national and local 
standards. 
1.Identifying strategies 
required to provide 
acceptable IAQ 
•  Conducting a Literature Review to identify 
most commonly emitted pollutants. 
•  Identifying the prices of available materials. 
2. Investigating the effect of 
mainstream materials used 
in Egypt 
•  Pilot Study to identify levels of pollutants in 
different locations 
•  Testing emission of materials by conducting 
a field study. 
3. Estimating likelihood of 
exposure to pollutants in 
Egypt 
•  Applying available standards asess the 
conditions in the tested locations. 
4. Measuring emperical data 
against defined benchmarks  
Figure 1.2 Research objectives and methodology 
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1.5 Content and Organization 
 
This study is composed of five chapters. The first chapter introduces the topic, 
defines the problem, and lays out the objectives and methodology. 
Chapter two explains the classification of materials under investigation in the study. 
The chapter presents the literature review, identifying the factors that are going to be 
studied and explains the effects of these factors in existing climatic conditions in 
Egypt. It also includes the previous research contributions towards the problem at 
hand and provides an explanation of the approach that is going to be adopted. 
Chapter three presents the experimental method adopted, the devices used and the 
procedures that were followed in detail. The development of an IAQ index is 
explained in this chapter. 
Chapter four presents the results obtained from the field studies with the application 
of the IAQ index.  
Chapter five concludes the research and provides recommendations for future 
studies. This includes guidelines and provides recommendations that apply to the 
Egyptian Building Code for housing and residential environments. 
The study ends by providing the key references used as well as some appendices that 
may be of use to the reader. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Overview 
 
Pollutants are generated in all stages of a material’s life cycle from manufacturing, to 
building use, and later on demolition (Figure 2.1). The figure shows that the process 
starts with extraction, followed by manufacturing or production during which the 
environment is affected primarily. During the process of extraction, the raw material 
is transformed into a useable product, where chemicals are introduced in the process 
as they become part of the material or are released into the environment as waste 
output (G.K.C. Ding, 2014). Different strategies are suggested to reduce pollution at 
each stage of a material’s life cycle, for example by cleaner production, improved 
packaging, waste management and recycling. Yet, more attention should be given to 
pollution resulting after installation of materials and during the building use, since 
this has a direct impact on occupants.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Extraction  
Manufacturing/ 
Fabrication 
Specification/ 
Distribution 
Installation 
Use 
Disposal 
Figure 2.1 Materials life cycle 
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The U.S. EPA specifies source control as the most effective and cost efficient strategy 
to “eliminate individual sources of pollutants or reduce their emission” (USEPA, 
2015). During design, defining criteria to direct the decision-making process in 
material selection is necessary to minimize negative impacts at later stages. Eco labels 
can be useful in the stage of material selection since they categorize products favoring 
those with improved environmental performance. Torgal (2011) presents some 
examples of eco-labels including the Canadian eco-label, Nordic eco-label, which was 
used for paints and varnishes, floor coverings, wood panels and others (Figure 2.2). 
The European “Eco-Label” classifies products based on their environmental impact 
throughout their life cycle covering paints, varnishes and hard floor covering. Each 
eco-label has its own evaluation and screening criteria, which are dependent on the 
country where they are mostly used. Greenguard for example, has established their 
own standards for certification of building materials, furnishings and finishing 
materials, in addition to electric equipment and cleaning agents (Greenguard, 2015). 
 
 
 
Installation of materials on the construction site should follow a specific 
construction IAQ management plan, to ensure that pollutant levels are within 
acceptable limits, health performance assessment can be conducted preoccupancy. 
Finally, post occupancy assessment is recommended to indicate that all systems are 
running correctly and that IAQ levels are maintained throughout a building’s life 
cycle. Post occupancy evaluations can be used to illustrate the performance of 
systems, and to evaluate the real time situation and the possible needs for further 
improvement.  
Figure 2.2 Canadian, Greenguard, European and Nordic Eco-Labels 
(Industry Canada, 2015; Greenguard, 2015; Nordic eco-Label, 2015; EC-Europa, 2015) 
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2.2 Materials Selection in Residential Buildings in Egypt 
 
Materials selection is based on the evaluation of a wide variety of materials against 
multiple factors that are driven mainly by the desired aesthetics and the project’s 
budget. Green buildings have introduced new measures, which contribute to 
specifying a new approach in the selection of materials. These measures are based on 
sustainability principles, which aim at reducing negative harm on the ecosystem and 
on building users. Investigating the performance of building materials with respect to 
providing healthy environments could help arrive at improved compositions. 
Conventional construction is based on the use of contemporary materials such as 
concrete, steel reinforcement and clay bricks in the case of residential buildings in 
Egypt. The materials used in conventional construction are available, economic and 
construction workers are familiar with their installation procedures. However, studies 
have indicated that some of these materials emit harmful contaminants and have a 
negative effect on the indoor environment.  
2.2.1 Wall Structure Materials 
Residential buildings in Egypt commonly use clay bricks for the construction of 
walls. Bricks are obtained by clay molding in rectangular blocks of a uniform size (25 
x 12 x 6.5 cm). They are dried and burnt at a high temperature and are widely 
available and relatively cheap; 478.5 EGP/ 1000 bricks (Ministry of Housing, 2015).  
2.2.2 Interior Wall Finishing Materials 
Wall surfaces usually count for the largest visible surface area of an interior space. 
The most commonly used materials for interior walls in Egypt are emulsion paints. 
Their prices range from 8.6 to 37 EGP/L, depending on the type and the quality of the 
paint selected. Two or three coats of paint are usually applied to the walls after 
plastering, which is followed by the application of one coat of primer. Cement plaster 
is usually applied to the interior walls to give a smooth, flat surface to the wall. 
Primer is then applied as a preparatory coat and acts as an adhesive layer increasing 
the paint’s durability and protecting the layer being painted. The prices specified by 
the Ministry of Housing for the most commonly used materials are presented in Table 
2.1. This includes the prices for mortar, latex and lacquer paints. The prices range 
from 8.6 to 37 L.E. per liter for the different types of paints where the economic matte 
latex types cost the least.  
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Table 2.1 Prices of paints and putties in Egypt. (Ministry of Housing , 2015) 
Element Type Item 
Unit 
Price  
Jan-15 
Paints 
and 
putties 
Putties 
Mortar (interior) (LE/kg) 3.00 
Mortar (exterior) (LE/kg) 3.25 
Primer (EGP/L) 7.50 
Latex 
Economic Matte (interior) (LE/L) 8.60 
High Quality Matte (interior) (LE/L) 15.70 
Economic Matte (exterior) (LE/L) 20.20 
Economic Semi gloss (interior and exterior) (LE/L) 24.40 
High Quality Semigloss (interior and exterior) 
(LE/L) 37.00 
Latex exterior (LE/L) 19.30 
Lacquer 
Matte interior (LE/L) 16.95 
High Quality Matte (interior and exterior) (LE/L) 21.45 
Semi gloss (high quality) (LE/L) 22.90 
Glossy interior (LE/L) 19.40 
High gloss white (LE/L) 32.58 
High gloss colored (LE/L) 22.30 
 
 
2.2.3 Floor Finishing Materials 
Floor finishing materials should be durable and resistant to abrasion, dirt and 
moisture. Different types of floor coverings are used, and include hard floor coverings 
such as tiles and wood and soft floor coverings such as carpets and rugs. Ceramic tiles 
are commonly used in residential buildings since they are affordable and considered 
more resistant compared to other surfaces. Glazed ceramic tiles are durable, long 
lasting and easy to clean. The manufacturing process includes mixing clay minerals 
and water, pressing the mix into molds, which is followed by drying and glazing. The 
tiles are available in a range of sizes and patterns. Porcelain tiles are harder, shinier 
and more resistant than ceramic tiles. They are made of special clays following a 
similar method of production as the ceramic tiles. The prices of available flooring 
materials are listed in Table 2.2 below. Marble and granite are natural stones, which 
are cut, installed and polished cost more and are often used in high-income housing.  
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Table 2.2 Prices of floor finishes in Egypt (Ministry of Housing , 2015) 
Element Type Item 
Unit Price 
(LE/m2) 
Jan-15 
Flooring 
Marble Mosaic  
Floor Tiles 30x30x 3 cm 
Carrara 45 
Alabaster 46 
Zafaran 42 
Marble Mosaic  
Floor Tiles 25x25x 2.5 cm 
Carrara 39 
Alabaster 41 
Zafaran 35 
Marble Mosaic  
Tiles (large marble pieces) 40x40x4 cm Carrara 82 
Marble Mosaic  
Tiles (large marble pieces) 30x30x3 cm 
Carrara 68 
Bank Misr 69 
Cement Tiles 
25x25x2.5 cm 27 
40x40x4 cm 38 
Ceramic Tiles 
25 x 25 cm 41 
35 x 35 cm 40 
31.5 x 31.5 cm 41 
40 x 40 cm 54 
50 x 50 cm 55 
Porcelain 40 x 40 cm 115 to 150 
60 x 60 cm 130 to 165 
Marble 
Galala 1 98 
Galala 2 75 
Galala 3 109 
Perlato 104 
Triesta 81 
Indian Green 288 
Italian Carrara 345 
Granite 
Red Aswan 210 
Verdi Ghazal 210 
Royal Rose 210 
Grey 210 
Gondola Granite 174 
Black Aswan 
Granite 420 
 
2.2.4 Exterior Wall Finishing Materials 
Exterior wall paint and stone are the most commonly used materials for exterior 
finishes in Egypt. The level of detail and the quality of material differ from one 
building to the other.  
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IEQ 
Thermal Comfort 
Temperature 
Humidity 
Ventilation Fresh Air Delivery 
Daylight 
Acoustics 
ETS 
IAQ 
Pollutants from 
Materials 
VOC 
Benzene 
Formaldehyde 
Polycyclic 
aromatic 
hydrocarbons  
Trichloroethylene 
Tetra-
chloroethylene   
Naphthalene 
Lead & asbestos 
CO2 
PM 
Pollutants  
(other sources) 
Nox 
Sox 
CO 
No standards available in Egypt 
Standards available in  
Egyptian Building Codes 
2.3 Indoor Air Quality  
 
National codes in Egypt including the Egyptian Building Code for housing and 
residential environments as well as the Egyptian Energy Efficiency Building Code, 
both provide recommendations and guidelines for satisfying day lighting, acoustics 
and thermal comfort in residential buildings as presented in Table 2.3, however, IAQ 
was not addressed. Figure 2.3 presents the list of IEQ factors with a break down of 
sub factors that contribute to IAQ indicating the standards available versus missing 
data with respect to IAQ. To help develop recommendations that are applicable to 
current design and construction practices, it is necessary to quantify the existing 
pollutant levels and to compare them with previous research and existing standards.  
 
 
  
Figure 2.3 Indoor Environmental Quality and Indoor Air Quality factors  
(Salthammer, 2003) 
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Lead & asbestos 
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PM 
Pollutants from 
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Nox 
Sox 
CO 
Ventilation Fresh Air Delivery CO2 
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Table 2.3 Standards for Indoor Environmental Quality  
 
IEQ factor Measure Recommended Levels* 
Day lighting 
Illuminance Level 
Minimum fenestrations: window area = 1m2 
and design recommendations for width: 
height ratio 
Minimum (lux) in direct and indirect 
lighting for kitchen, dining and bedroom. 
Levels vary between 50 and 300 lux 
Temperature 21.8 to 30 °C 
Humidity 20 to 50 %  
Air Flow 0.5 to 1.5 m/s wind speed 
Acoustics Sound Level Pressure 
 Sound buffers and sound insulating 
materials should be used to minimize sound 
pollution.  
Maximum noise levels in industrial zones, 
city center and light industrial and 
commercial zone  
Levels vary between 30dB and 60 dB 
depending on zone and time of the day 
Air Quality** 
Ventilation 3 liters/ second/ person in living rooms and 
14l/s/person in toilets and kitchens CO2 levels  (fresh air) 
Contaminants - 
PM - 
TVOCs - 
Formaldehyde - 
Radon… etc - 
 
* (Egyptian Building Code for housing and residential environments, 2009) 
** (Egyptian Energy Efficiency Building Code, 2006) 
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2.3.1 Factors affecting indoor air quality 
 
Ventilation and contamination are the two main contributors to IAQ as shown in 
Figure 2.4. Ventilation is determined by outdoor fresh air supply and indoor air 
circulation (mechanical systems). Thermal comfort conditions defined by 
temperature, humidity and airflow are affected by ventilation. Contamination of 
indoor spaces can be the result of introducing outdoor pollutants through windows 
and doors. Other sources of contaminants are determined by the emission rates from 
indoor sources including furnishings, materials as well as human activities. Building 
materials contribute to indoor contaminants, which are going to be identified and 
discussed in this chapter.  
  
The main categories of contaminants in indoor environments are inorganic 
contaminants, organic contaminants and particulate matter. Organic contaminants 
include bacteria, fungi, viruses, molds, pollen and dander that can impact air quality. 
Inorganic contaminants include emissions from adhesives, furnishings, floorings and 
wall coverings as well as other sources such as fuels, chemicals such as cleaners and 
combustion by-products. Particulate matter (PM) is classified into coarse, fine and 
ultrafine particles and is originated from dust, construction activity combustion, 
smoking, as well as other indoor and outdoor activities.  
 
Factors 
Affecting 
IAQ 
Ventilation 
Thermal 
Comfort 
Outdoor Air 
Supply (fresh 
air) 
Mechanical 
Ventilation 
Contamination 
Indoor 
Contaminants 
Outdoor 
Contaminants 
Biological 
Contamination 
Figure 2.4 Indoor Air Quality factors 
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The contaminants discussed in this section are those that are emitted by building 
materials throughout building’s lifetime. Each group will be discussed with respect to 
three main points:  
• Chemical Composition 
• Source  
• Effect due to exposure  
I. Inorganic Contaminants 
Inorganic substances such as radon, asbestos and lead are major indoor contaminants 
and their exposures may pose significant health risks (Godish, 2001).  
A. Asbestos 
Asbestos is an inorganic contaminant that includes fibrous silicate minerals with 
unique physical and chemical properties that distinguish them from other silicate 
minerals. These properties include thermal, electrical and acoustic insulation 
properties; chemical resistance in acid and alkaline environments; and high tensile 
strength. The materials containing asbestos are generally used for fire proofing in 
buildings, thermal and acoustical insulation and reinforcing materials (Godish, 2001). 
Exposure to asbestos fibers ≥ 5µm has shown to increase the risk on humans that 
usually occurs through airborne asbestos contaminated dust. The release of the fibers 
from the materials occurs through abrasion, impaction, air erosion, vibration, and fire 
damage. Secondary release occurs when settled fibers are re-suspended due to human 
activity. In unoccupied buildings suspension may occur due to air erosion, vibration 
and fall out. Asbestosis may occur due to exposure to asbestos fibers that are released 
due to damages or defaults. In Egypt, the use of asbestos in industries was banned in 
January 2005. 
B. Radon 
Radon exists as a gas in the earth’s crust. It is a result of the natural decay of 
radioactive uranium where radon is one of the products in this decay chain. Granite 
and limestone, which are extracted from the earth, produce radon as a result of decay. 
Consequently, the primary source of radon in buildings is the surrounding soil 
through which radon may enter the building through cracks in the substructure.  
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 Building materials extracted from mineral substances also contain radioactive 
nuclides, thus have a potential for releasing radon. This includes concrete and granite 
that are often used in buildings. In the international system of units (Systeme 
Internationale SI) radon concentrations are expressed in becquerels per cubic meter 
(Bq/m3). One Bq/m3 is equivalent to one radioactive disintegration per second in a 
cubic meter of air. Radon is also measured in picocuries per liter (pCi/l), which is 
equivalent to 37 Bq/m3. Due to its long half life, radon release remains constant over 
a long time. Radioisotopes from fly ash, certain granites and zirconium minerals are 
major sources of exposure to ionizing radiation in the indoor environment. Radon is 
the number one cause to lung cancer among non-smokers (U.S. EPA, 2015), its fast 
rate of decay releases radioactive particles that can cause damage to lung cells, if 
inhaled (National Cancer Institute). Cracks in floors, walls, foundations, some 
building materials, water from wells that contain radon are the main routes through 
which radon can enter buildings (Fair, 2014; Brauner et al., 2013). In a recent study in 
Pennsylvania, the indoor radon levels in some homes were measured and a noticeable 
increase was observed due to new gas extraction drilling procedures by fracking. 
These activities have increased wastewater contamination with radon nuclides that 
affected surrounding buildings (Atkin, 2015). 
C. Lead 
Lead is a naturally occurring element, and is used in production of pigments in paints. 
Lead contaminated dust when inhaled is threatening and its effects are dependent on 
the dose a person is exposed to. The severity of risks may vary from shock to possible 
brain damage. Banning use of lead based paints is a possible step towards reducing 
these risks. Lead is a concern because it is a common surface contaminant of indoor 
spaces and contact with lead-contaminated building dust is a primary cause of 
elevated blood levels in children under six (Levin, 2008). 
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D. Ammonia  
Ammonia is added to some types of water-based paints (latex) and coatings to 
maintain the desired pH. Low concentrations of ammonia can cause eye and skin 
irritation. Higher concentrations are more concerning, and on the long run, respiratory 
distress may occur. Children are more vulnerable to these symptoms than adults at the 
same levels of exposure. 
 
II. Organic Contaminants 
Organic compounds include a large group of hydrocarbons and Volatile Organic 
Compounds (VOCs), which are released from some types of building materials and 
consumer products. 
 
A. Volatile organic compounds (VOCs) 
Studies conducted by the U.S. EPA, NIOSH, NASA, and CPSC have shown that 
VOCs released from building materials and equipment constitute a major portion of 
indoor air contaminants (Niu et al., 2001).  The VOCs are typically a constituent of 
the manufacturing or installation process associated with renovations or new 
construction. There are different groups of VOCs available and they vary in 
concentrations in indoor spaces. Building materials release a wide range of VOCs 
including: toluene, m-xylene, terpene, n-butylacetate, n-butanol, n-hexane, p-xylene 
and styrene. For this reason, to evaluate the level of VOC in interior spaces; the 
combined total VOC exposure that cause irritation should be recorded. Because of the 
large number of VOCs existing, there is still a lack of proper indicator index to 
quantify the overall VOC levels. Secondly, there is also a lack of recognized indoor 
air standard on VOCs. However, it is recommended that TVOCs measured should not 
exceed >1mg/m3.  
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B. Formaldehyde 
Aldehydes are a group of VOCs that belong to a larger group of compounds called 
carbonyls. This group of compounds is soluble in water and can be absorbed rapidly 
by the respiratory tract once inhaled. This in turn triggers sensory irritation; the 
compounds irritate the mucous membrane at very low concentrations as they appear 
indoors. Formaldehyde is one of the smallest and simplest forms of aldehydes. 
Formaldehyde is a colorless gas with pungent odor. It is found in urea-formaldehyde 
resins that are used as wood adhesives in the manufacture of pressed wood products 
including particleboard, medium density fiber boards (MDFs) as well as some finish 
coatings. The chemical instability of urea- formaldehyde leads to decomposition and 
emission of formaldehyde into the air raising its concentration in indoor spaces. 
Human exposure to formaldehydes can be limited by setting standards to the 
maximum amount of free formaldehyde allowed within a unit weight of any product. 
Formaldehyde causes irritation symptoms and may cause symptoms of the central 
nervous system. Increasing exposure (dose and time) increases the severity of 
symptoms, which was evident for ENT irritations, headaches, fatigue, rashes and 
abdominal pain. The exposure to formaldehyde may also trigger asthma symptoms 
and even more severe carcinogenic effects. U.S. EPA, OSHA and IARC 
(International Agency for Research on Cancer) have listed formaldehyde as a class 
2A (suspected human carcinogen). The concentration of formaldehyde and associated 
symptoms are affected by the change in temperature and/or humidity (Hansen, 1991). 
Health Canada found that respiratory and allergic levels were a result of chronic 
exposure to HCHO levels below 1 ppm and that eight-hour exposure to 40 ppb can 
lead to respiratory symptoms in children (Health Canada, 2006). 
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III. Airborne Particles 
 
The size, distribution, chemical and biological properties of particulate matter (PM) in 
indoor spaces varies depending on several factors. Generally, airborne particles are 10 
microns (referred to as PM10) or less in size. They can be classified into two broad 
groups; biological and non-biological contaminants. The smaller the size of PM, the 
higher their risk on human health because they are easily respired and can by-pass 
respiratory defense mechanisms. Airborne particles are carriers of other contaminants 
and thus deliver harmful substances into the respiratory system. The health effects 
and symptoms caused by particulate matter vary from irritations to more severe 
effects depending on the source of these particles as well as other available 
contaminants in the same space. Concentration of particulate matter from 250 to 350 
µg/m3 has been found to increase respiratory symptoms in susceptible individuals 
(Hansen, 1991). 
IV. Ventilation 
 
Ventilation is defined by ASHRAE as “the process of supplying or removing air by 
natural or mechanical means to or from any space.” It plays an important role in 
diluting contaminants in indoor spaces. Measuring temperature, relative humidity and 
air velocity indicate good ventilation and thermal comfort. These parameters may act 
in the following manners with the various contaminants discussed earlier; 
• Independently; no interaction between parameters; effect of each is 
independent of all others. 
• Antagonistically; one parameter counteracts the other. 
• Synergistically; effect of interaction is greater than additive effects (Hansen, 
1991) 
The increase in temperature and relative humidity may increase off gassing of 
certain compounds and even the generation of others (such as mold in high RH) 
which in turn increases particulate matter in the air. In other cases, human perception 
and irritation response to the presence of contaminants is triggered by the synergistic 
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interaction of various pollutants. This is the case in human response to a series of 
VOCs where their effect is additive and has shown increased eye and nasal irritation 
with increased temperature. Temperature and ventilation levels also affect the decay 
rate of products since it triggers the release of compounds such as VOCs into indoor 
spaces. This was evident in several studies conducted by (Wolkoff, 1991; Khoder, 
2000; Järnström, 2006 and Guo, 2013) indicating an increase in indoor concentrations 
of VOCs with higher temperature especially in summer. Moreover, the interaction 
between VOCs and particulate matter can lead to dust being a reservoir to other 
contaminants, which increases the exposure to the emitted compounds.  
Air exchange and removal mechanisms 
 
ASHRAE Standard 62.1 includes the guidelines pertaining to ventilation and air 
exchange. CO2 level is an indicator to ventilation which should be maintained 
between 300 to 400 particles per million (ppm) according to ASHRAE Standard 62.1. 
According to ASHRAE Standard 55, recommended temperature ranges perceived as 
“comfortable” are 22.8 to 26.1°C in summer and 20 to 23.6°C in winter. Humidity 
levels should be maintained between 30 and 65 % for optimum comfort. Providing 
adequate ventilation is necessary to improve IAQ, however the effectiveness of 
ventilation to dilute indoor contaminants requires further investigation (Godish, 
1996). This was supported with the clarification that ventilation systems, if not well 
designed, may act as sources of new contaminants. In another study by (Kim, 2008), 
natural ventilation was effective in reducing the concentration of VOCs 
preoccupancy, however, there were some limitations with the effectiveness of this 
method to dilute VOC concentrations due to dry products. This is because ventilation 
did not seem to increase the emission rate from these products. This study will focus 
mainly on source control strategies aiming to eliminate significant pollutant sources 
and thus keeps the indoor air controlled without ventilation before or during the time 
of the study. 
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2.3.2 Measuring and Modeling Pollutant Sources 
 
To identifying pollutant sources and develop adequate mitigation strategies, previous 
studies that investigated the effect of materials and are classified herein into three 
main categories; testing, modeling and field measurement.  
 
A. Testing 
 
Source emission testing measures the emission rates from known sources under 
laboratory conditions. Previous studies indicate the emission factor and decay rate of 
selected materials. Measurement of pollutants under laboratory conditions uses 
environmental chambers to estimate pollutant concentrations. A sample of the 
substance is prepared and the test conditions in the environmental chamber are 
designed such that the temperature and relative humidity are consistent with the 
typical indoor conditions.  
Environmental chambers are available in small-scale and large-scale sizes and 
they vary from 1.0 m3 to 15 m3. Limitations to this method are due to the controlled 
environment, which is used to simulate real conditions. The factors controlled in the 
test chamber vary widely in real space conditions due to time and aging factors.  
Field and Laboratory Emission Cell (FLEC) can also be used for evaluation of the 
emission of pollutants from materials. This test, like the chamber test, requires 
constant temperature, relative humidity, and air exchange rates. Airflow is evenly 
distributed over the test material within the cylindrical cross sectional area of the 
emission cell. The air distributed and circulated in the cell enters at one end and is 
collected at the other end through adsorbent tubes to test different contaminants. Dry 
and wet materials including wood products and paints were tested for VOCs and 
HCHO using these chamber tests (Thomas, 1999). Although the chamber tests can be 
used to compare the emission factor of materials, the combined effect due to the 
presence of multiple pollutants from a single source still remains unknown. 
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B. Modeling 
 
Pollutant concentrations can also be predicted, rather than measured using modeling 
where direct measurement is not feasible. Modeling is used to provide estimates of 
exposure to contaminants from different sources and to predict transfer mechanisms 
to help develop mitigation strategies for different scenarios. General categories of 
models: source emission, transport, statistical and population exposure.  
Transport models are used to illustrate the movement of air pollutants through 
defined indoor spaces. They provide pollutant concentrations in designed 
microenvironments, which are defined by pathways and pressure differences that 
conduct air from one space to the other. Statistical models allow researchers to 
expand the results of field studies to larger populations in the same microenvironment 
as was originally studied. These models use empirical data regarding the pollutant 
concentrations, their distribution, building volume, airflow patterns to derive pollutant 
concentrations on a larger scale. Exposure models estimate both indoor and outdoor 
exposures in diverse settings.  This type of model integrates input data about pollutant 
concentrations and routes of exposure, time activity patterns by the subjects during 
exposure periods and health characteristics of the subjects that would affect the dose 
received. Data collected from questionnaires or field monitoring is used to develop 
these models. Calculating time exposure of humans by multiplying concentrations of 
contaminants by time spent in the specified microenvironment is achieved through 
these models. Because exposure models integrate a large set of data, their accuracy is 
higher in smaller microenvironments rather than large-scale settings. 
 
C. Field Measurement 
Previous research conducted to measure levels of pollutants in a real life setting has 
used different air sampling and monitoring devices. Devices used for field tests vary 
in size, and new technologies are being developed to achieve more accurate 
measurements and to include a wider range of pollutants. Winegar (1993) states that 
field techniques yield better results than lab techniques when considering sample 
quality since it is difficult to assure that the sample being analyzed in the lab is 
representative of the population.  
 24 
 
 
The process of air sampling can be divided into three main types: 
• Continuous measurements: continuous recording of pollutant concentration levels 
over a period of time. This method is useful to identify the peak and fluctuation 
periods of concentration. 
• Time Average Measurements: averaging data over a period of time. 
• Snapshot Measurements: instantaneous sampling over short period of time to 
indicate the level of a contaminant at a specific moment. 
Available air sampling equipment include: 
• Direct reading monitors: portable and relatively accurate monitors that could help 
detect and measure a variety of contaminants. 
• Color badges: passive color badges work by diffusion causing the badge to react 
changing its original color and the level could be deduced through comparison 
with the provided color chart. This type of device measures the concentration of 
the contaminant over a period of time.  
• Detection tubes: Air is passed through the tube by a pump causing the reagent 
inside the tube to change its color indicating a measurement of the concentration 
of a specific contaminant.  
 
Table 2.4 presents a comparison between testing, modeling and field studies, 
where the advantages of field measurements lie in providing real time measurements 
to the contaminants generated in both new buildings and old, used spaces. However, it 
is useful to obtain these measurements in order to give a clear image of the actual 
levels that the occupants are exposed to. The values obtained from empirical studies 
can be analyzed and correlated to health conditions of the building users in order to 
observe the influence of real life situations and materials.  
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Table 2.4 Advantages and disadvantages of testing, modeling and field 
studies (Levin, 1996) 
 
 Advantages Disadvantages   
Testing 
Controlling test conditions 
with great variability 
Due to controlled conditions- if 
values are not estimated correctly 
results may differ from real life 
conditions - in reality variables 
vary from one room to the other 
and one room may affect others 
Testing each sample 
separately to obtain emission 
factor or calculate decay rate- 
less chance of error 
Ageing the samples in test 
chamber may not reflect the actual 
ageing that occurs in real life 
conditions- other factors contribute 
to this ageing that are not 
simulated in a chamber 
Some pollutants are emitted at low 
rates which needs a large amount 
of time to provide accurate 
measurements 
Modeling 
Helps in designing 
experiments and for policy 
making Empirical data is still needed to 
provide data for the model Can include external sources 
as well as indoor emissions 
Can be useful in complex 
indoor environments where 
transport patterns and 
concentrations vary widely 
May not be very accurate for 
complex models that need large 
amounts of data Diverse settings can be 
modeled 
Field 
Measurements 
Factors can be measured that 
affect dispersion of pollutants 
in addition to pollutant 
concentrations 
Devices used may vary in cost and 
accuracy. 
Measurements provide good 
indication of actual human 
exposure levels 
Where pollutants are at very low 
concentrations, measurements may 
be inaccurate. 
Other chemical compounds may 
interfere with the measurement 
process. 
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Previous studies have each investigated and quantified the levels of one or more 
different pollutants. The field studies conducted were mostly in occupied buildings 
and in some cases associated with surveys to correlate health symptoms with 
measured exposure levels. An example of this field test was carried out in the UAE 
among 628 households; where SO2, NO2 and H2S were detected at different 
concentrations and were correlated with symptoms including wheezing and asthma; 
while HCHO was associated with neurologic symptoms and difficulty concentrating. 
The study focused on the activities of the occupants and correlates their health 
conditions with measured contaminants (Yeatts et al., 2012). Very few field studies 
were conducted to quantify the levels of contaminants preoccupancy especially the 
measurement of particulate matter in unoccupied residential buildings. In a study by 
Abdel Salam (2011), PM concentrations in Egyptian residences were found to be 
higher than outdoor concentrations during occupancy. Another study in Bangladesh, 
has indicated that building materials including brick, thatch, mud and tin affected the 
measured concentrations of PM 10 indoors (Dasgupta et al., 2008).  
The measurement of TVOCs, HCHO and NH3 in residential buildings was 
common in many countries including Korea and Finland (Kim et al., 2008; 
Tuomainen et al., 2001). The studies have shown that the compounds exist at levels as 
low as 1 µg/m3 and above 4000 µg/m3 for TVOCs and from 9 µg/m3 to 500 µg/m3 
for HCHO. The selection of materials plays an important role in reduction of TVOCs 
as seen in the study by (Tuomainen et al., 2001) which tested the effect of 
decomposing agents in the reduction of VOCs released in indoor spaces. A previous 
research by Khoder (2006) and Khoder (2000) was conducted in Egypt to quantify the 
levels of HCHO and VOCs in residential as well as office buildings. The research has 
shown that the detected levels were higher in new apartments (6 months) than older 
apartments (43 years). These results are in agreement with the study presented by 
(Guo, 2012), which identified the factors affecting HCHO where relative humidity 
and temperature contributed to the HCHO concentrations by 50%. Lower weight was 
given to other influencing factors (from most influential to least influential) including 
source characteristics, duration for windows being closed before sampling, time from 
the end of decoration to sampling, In a study by (H. Järnström, 2006), the VOC, 
HCHO and NH3 concentrations were monitored in newly finished apartments and 
after six to twelve months of construction. The results indicated that HCHO levels 
reached the target values with the use of low-emitting materials; VOCs were reduced 
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after 6 months to reach the target values with the help of mechanical ventilation while 
ammonia levels remained above acceptable levels for twelve months. In addition, 
VOC concentrations from construction were replaced with new ones as the occupancy 
period increased. 
In other studies, radon levels were detected in different areas in Cairo range 
between 24 and 55 Bq/m3 and 15 to 132 Bq/m3 in Alexandria (Maged et al., 2005; 
Abd El Zaher, 2012). 
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2.3.3 Source Control Strategies 
 
Control strategies used to improve IAQ can be classified into (Spengler, 2000): 
A. Source Elimination 
B. Local Source Control 
C. Dilution of indoor contaminants by ventilation. 
Source control is preventing or excluding the use of harmful products by finding 
alternative materials or altering the production to limit the harmful substances 
included. Providing regulations for material selection plays an important role in 
limiting hazardous chemicals used in construction, and encourages their replacement 
by safer alternatives. 
 
2.3.4 Assessment strategies 
There are three major approaches to evaluate a product with respect to IAQ and the 
occupant’s health: 
A. Product Assessment 
 
Certification programs that are responsible for product assessment provide 
information that is useful to the customers, designers and engineers. Testing each item 
requires subjecting it to specific procedures and is usually part of the assessment 
process. Testing is carried out to obtain the emission rates of specific chemicals 
through which the emission factor of each material is identified. First, emissions are 
defined and then the corresponding test is carried out to measure the mass of the 
emission and the rate at which they are released. Emission factors indicate the 
emission rates in terms of mass per unit of material per time period (e.g., µg/m2hr). 
They are calculated for the different material types. Dry products usually show a 
lower emission rate and slower decay than wet products, which have higher emission 
rates, and faster decay. This has been tested in previous studies using designed 
chamber test conditions (Thomas et al., 1999).  
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Several aspects affect the emission factor and are considered during testing. These 
include: 
• Mass Transfer Processes - evaporation, sorption, diffusion, convection  
• Environmental Variables – temperature, humidity, air change rate 
(ventilation), air velocity and turbulence. 
• Product Characteristics and Composition – number and types of chemical in 
product, chemical properties, product complexity, and manufacturing 
processes. 
Through product or material assessment, certification programs are able to 
provide product labels. The programs have different methods of quantitative 
and qualitative procedures through which the product is evaluated and labeled.  
B. Exposure Assessment !
In the process of installing materials to their end of life, users are exposed to different 
levels of emissions. Factors that affect exposure include location, time, occupant’s 
age, weight, breath volume and frequency. Other factors include the concentration of 
indoor pollutants, which depend on the material properties. The chemical 
composition, emission rate, decay rate, sorption (interaction of emissions with interior 
surfaces, dilution due to infiltration and fresh air exchange, local ventilation and air 
cleaners. Occupant exposures to indoor pollutants are a function of the spatial 
distribution of the pollutants and the activity patterns of the occupants. 
Human exposure to the indoor pollutants occurs through inhalation, skin 
absorption and ingestion. Exposure can be calculated for maximum concentration or 
time weighted average concentrations. Time Weighted Average (TWA) values for an 
8-hour day, 5 day work week while short-term exposure limit values are based on 15-
minute exposure. Health effects due to exposure are either related to the total 
cumulative exposure during a person’s lifetime or peak exposure that causes mainly 
acute health effects. An example of cumulative exposure is in the case of radon, 
which produces high- energy radiation causing lung cancer. The health outcome does 
not depend on whether the cumulative exposure (radiation units times hours) comes 
from a brief high-level peak or from low-level continuous lifetime exposure. In other 
cases, short- term exposure to high levels of CO, for example causes clear health 
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effects, even death, but the same cumulative exposure spread over a much longer 
period of time has no visible effect. In defining guidelines and standards for 
assessment, it is necessary to take exposure time into account. This has been 
examined by WHO air quality guidelines for Europe for ambient air standards 
(Breuer, 1999). 
 
C. Health Risk Assessment 
 
Through the identification and quantification of health hazards associated with 
exposure, epidemiological studies were able to provide information on the amount of 
particular pollutants that can cause health risks as well as the dose-response data. The 
risk assessment varies depending on pollutant exposure levels from irritation and 
allergies to toxicity, cancer as well as reproductive effects. For a given indoor source, 
multiple compounds can be emitted resulting in a variety of health effects endpoints. 
A wide variety of information is available on specific health effects of chemical 
compounds based on dose-response studies. 
Terminologies describing adverse effects resulting from being inside a building 
include: 
• Sick Building Syndrome (SBS); these symptoms are experienced by 30% of the 
occupants but are relieved upon exiting the building and no clinically diagnosed 
disease is realized. The symptoms as specified by the WHO include sensory 
irritation of the eyes, nose or throat, neurotoxic or general health problems, skin 
irritation and hypersensitivity reactions. SBS is a phenomenon in which high 
prevalent rates of illness symptoms occur with no single apparent causal factor 
responsible (Godash, 2001). In systematic building studies, females reported SBS 
at rates 2 to 3 times that of males. These symptoms have appeared to start at an 
early stage and increase with age and include eye irritation, nasal manifestations 
as a reaction to high temperatures or allergies from airborne pollutants, throat and 
respiratory tract problems, headaches, fatigue and skin problems. 
• Building Related Illness (BRI); illness is medically diagnosed and arises from 
exposure to indoor contaminants that cause clinical syndromes. The treatment 
requires removing the source of contaminant from the building. BRI include 
infections, hypersensitivity, asthma, chronic allergies and toxic effects related to 
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high exposure to carbon monoxide as well as formaldehyde. Generally, BRI is 
associated with causes or symptoms that are related to buildings or indoor 
environments. They include asthma and other respiratory illnesses as well as 
infections that vary in severity from one case to the other. 
• Environmental Sensitivity; sensitivity is developed to even low levels of extended 
exposure to certain chemicals and may result in chronic disorders.  
Through risk assessment, it is possible to define exposure limits that are responsive to 
the specific conditions of the users. Vulnerability to the contaminants is considered 
when defining these limits. For that reason, occupational standards are not applicable 
to all building categories. Standards pertaining to residential buildings should be 
considered since they deal with a diverse population. 
2.3.5 Standards and Regulations 
 
International standards include criteria specified by the International Green 
Construction Code (IGCC). The use of products containing asbestos is banned by the 
IGCC and lead based paints are not allowed on rainwater collection surfaces. The 
IGCC also specifies emission factors for VOCs and formaldehyde classified by 
product type. Radon mitigation is required and building flush out by supplying 
ventilation for 14 days is required. Occupancy is permitted one week after flush out.  
Other standards that are based on risk assessment include those defined by the 
WHO, ASHRAE and NAAQS as well as other national standards. There are 
discrepancies between the standards since different quantitative and qualitative 
measures were adopted to identify risk and exposure limits.  
• EPA does not regulate indoor air, but they offer assistance in protecting IAQ in 
residential buildings. However, the Clean Air Act, which was last amended in 
1990, requires EPA to set National Ambient Air Quality Standards (NAAQS) for 
pollutants considered harmful to public health and the environment. The Clean 
Air Act identifies primary ambient air quality standards which provide public 
health protection, including protecting the health of "sensitive" populations such 
as asthmatics, children, and the elderly. 
• WHO Europe specifies environmental (non-industrial) guidelines last updated in 
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2010. Upon assessment of health effects, the guidelines were developed but also 
taking into consideration ecologically based guidelines to minimize effect on 
vegetation. 
• Health Canada residential indoor air quality guidelines summarize the health risks 
posed by specific pollutants and provided recommended acceptable long term 
exposure range and short term exposure range defined as (ALTER and ASTER). 
ALTER is the concentration range based on lifetime exposure without expected 
risk while ASTER is based on short-term exposure over a specific period of time.  
• Code for Indoor Environmental Pollution Control of Civil Building Engineering- 
China- the code has focused on different building categories and defined 
standards for residential buildings and public buildings (Yun, 2004). 
• ASHRAE 62.1-62.2- 2007 Ventilation for Acceptable Indoor Air Quality state 
that the standards are developed for different purposes and should be interpreted 
with reference to the setting and purpose for which they were developed 
compared to that to which they are being applied. The standards do not consider 
the presence of susceptible groups and interactions between and among various 
contaminants of concern. ASHRAE standards compile a set of proposed standards 
by national or international organizations. However, the final list of contaminants 
does not include all contaminants of indoor air. 
Table 2.5 presents the ranges specified by these organizations showing 
inconsistency in some of the values and the necessity of developing standards that can 
be enforced for non-industrial purposes. 
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2.4 Literature Summary 
 
This chapter reviews the current state of knowledge with respect to the effect of material 
selection on Indoor Air Quality with the evaluation of the situation in Egypt. The 
selection of construction and finishing materials at the design stage has several effects 
that are recognized during building operation. The presence and interaction of these 
materials poses health risks on building users during occupancy. Therefore, the effect of 
materials should be considered as key to source control, which has been evaluated as the 
most effective mitigation strategy towards minimizing IAQ problems as specified by the 
U.S. EPA and Consumer Product Safety Commission (CPSC). The literature review in 
this investigation is classified into three categories; corresponding to the stage at which 
the materials are being examined (from design to construction). The levels of material 
interaction, research contributions, assessment strategies and control strategies have been 
defined as seen in Tables 2.6. 
The first category of research has investigated material selection at the design 
stage. The second group has tested materials during the construction process, where some 
studies were conducted to compare the emissions from different types of materials during 
the installation process to exposure levels pre and post occupancy (Saarela, 2003). 
Recommended levels for the emission rates of different material types are provided by 
the International Green Construction Code (IGCC) as seen in (Appendix 1) Other 
studies, associated the emissions from single materials to the exposure levels in indoor 
spaces, where building materials have appeared to contribute negatively to IAQ by 
emitting pollutants (Missia, 2010). The studies conducted to estimate contribution of 
products or materials at the design stage mainly focus on measuring organic and 
inorganic compounds. Radon, which is also emitted from several types of building 
materials, is not widely covered in these tests. The interaction between materials where 
adsorption and sink effects contribute to new patterns of emissions were addressed in 
some studies (Chuck, 2012; Senitkova, 2014), but require further investigation. Materials 
used in vernacular buildings have displayed properties that enable them to maintain 
relative humidity and temperature within comfort levels compared to conventional 
materials (Dilli, 2010; Hegde, 2010). However, further investigation is required to show 
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The majority of the studies have monitored IAQ during building operation 
(category 3). These studies have been classified as group three where several factors 
contribute to the measured values of contaminants including materials in their third 
level of interaction where construction is complete. The measurements vary in field 
studies where regional factors including infiltration from ambient air, climatic 
conditions, seasons, site conditions and building materials as well as the building type 
and age would all provide differences in measured values (Saarela, 2003; Dasgputa, 
2008; Missia, 2010; Cattaneo, 2011; Choi, 2011 and MacNeill, 2013). Moreover, user 
activities have been observed and the interaction between materials and user-
generated pollution through cooking, smoking and other activities has been studied 
(Dasgputa, 2008; Tan, 2012; Yeatts, 2014 and Yassin, 2014). Although this level of 
interaction provides real time values, which provide actual exposure levels and can be 
utilized for health risk assessment, each study has focused on different groups of 
contaminants and measurement methods. Tracking the sources of contaminants and 
identification of problem areas at this stage is not easy. Standardization of methods 
and exposure limits by responsible organizations is necessary to provide benchmarks 
for acceptable IAQ especially in non-occupational settings. 
Available control strategies that were indicated in this chapter include material 
certification where some of the studies tested the effect of implementing certified 
materials as compared to non-certified alternatives and dilution by conducting flush 
out to improve IAQ before occupancy. This would help achieve a complete set of 
criteria that, when implemented can improve perceived IAQ as well as minimize 
health risks on residential building occupants. Table 2.7 presents a summary of the 
research topics covered in this literature. 
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Table 2.6 continued 
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CHAPTER 3: EXPERIMENTAL WORK 
 
3.1 Overview 
 
This chapter demonstrates the field studies conducted to monitor IAQ levels in vacant 
residential buildings in Cairo. Cairo is a city located in a subtropical climatic region with 
an arid desert climate. The studies were carried out during the months of January and 
February, 2015; during which the outdoor temperature ranged from 8 to 25 ° C. Ambient 
RH ranged from a minimum of 15.8% to a maximum of 68% monitored at levels 
corresponding to the location of the apartment (-3m to +30 m from street level).  
The aim of the investigation is to quantify the levels of a group of pollutants, emitted as a 
result of the finishing materials used, and common construction practices. The materials 
tested in the field studies are: 
A- Wall construction Materials 
o Structure 
o Indoor Finishing material 
B- Floor finishing material 
On site monitoring can be achieved by two means: direct reading instruments and 
laboratory analysis. Both methods are integrated in this study for data collection. Direct 
reading instruments and data loggers are utilized to provide time-weighted averages for 
particulate matter, radon, temperature, humidity and carbon dioxide. Laboratory analysis 
is also used to analyze TVOCs, formaldehyde and ammonia. A pilot study was carried 
out; first, to validate the experimental approach, identify possible problems with the 
procedure, in addition to collecting preliminary data and comparing it with previous 
research. This study included five vacant rooms in five different locations. The second 
part of the study was designed to test the effect of the aforementioned material groups in 
four rooms located in the same building during construction. Windows and doors were 
installed in all studied locations and the studies started at 10 am to 6 pm (eight hours), 
uninterrupted. 
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3.2 Part 1: Pilot Study 
Monitoring IAQ in existing Residential Buildings 
This study includes monitoring IAQ parameters in five selected apartments in Cairo, 
Egypt. Four of the selected sites are located in New Cairo and one site (S6) is located in 
Nasr City as seen in Figure 3.2.  
 
3.2.1 Study&buildings&
 
The selected buildings demonstrate common building practice and materials used in 
construction of dwellings in Egypt. The construction and renovation times varied 
between one to twelve months. The building materials for the studied units are recorded 
in Table 3.1. The building envelope of the studied apartments was constructed using clay 
brick, with one exception (site 3) where cement bricks were used in addition to the clay 
brick for the construction of the basement level. For finishes, the external walls were 
coated with plaster and paint and internal walls were coated with plaster, followed by 
primer to provide a smoother surface and finally paint was used as a final coating. More 
variety was seen in the floor finish materials, which included ceramic tiles, marble, 
porcelain and parquet flooring. Thermal insulation was not used in any of the apartments 
in this study.  
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Table 3.1 Pilot study: Site locations and finishing m
aterials (A
uthor)
Site and B
uilding 
R
oom
 A
rea, volum
e and O
rientation 
Site, 
apartm
ent, 
floor area 
L
ocation 
T
im
e since 
construction 
and 
finishing 
/renovation 
M
aterials 
R
oom
 
O
rientation 
R
oom
 
C
lear 
H
eight 
R
oom
 
Floor A
rea 
Space 
V
olum
e 
N
/S/E/W
 
m
 
m
2 
m
3 
Site 1, 
apartm
ent 1, 
160 m
2 
5th 
Settlem
ent, 
4th district, 
A
rea 6 
G
round 
Floor 
15 years  
10 m
onth 
W
S: clay brick 
W
IF: paint 
FF: ceram
ic 
tiles 
W
EF: Paint 
N
E 
2.8 
11.2 
31.36 
Site 2, 
apartm
ent 2, 
220 m
2 
 N
ew
 C
airo, 
El R
ehab,  
First Floor 
2 years 
10 m
onths 
W
S: clay brick 
W
IF: paint 
FF: ceram
ic 
tiles 
W
EF: Paint 
E 
2.5 
16 
40 
Site 3, 
apartm
ent 3, 
300 m
2 
N
ew
 C
airo, 
El B
anafseg, 
ground floor 
3 years 
6 m
onths 
W
S: clay and 
cem
ent brick 
W
IF: paint 
FF: porcelain 
W
EF: Paint 
N
 
3 
23.8 
71.4 
Site 4, 
apartm
ent 4, 
260 m
2 
N
ew
 C
airo, 
El N
arges, 
low
er ground 
floor 
10 years 
12 m
onths 
W
S: clay brick 
W
IF: paint 
FF: m
arble 
W
EF: Paint 
S 
3.4 
21.16 
71.94 
Site 5, 
apartm
ent 5,  
185 m
2 
N
asr C
ity,  
7th floor 
25 years old 
6 m
onths 
renovation 
W
S: clay brick 
W
IF: paint 
FF: parquet 
W
EF: Paint 
N
 
2.7 
18.69 
50.46 
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3.2.2   Procedures and data collection process 
 
In each apartment, one closed room was selected - the bedroom- usually occupied for 
more than eight hours per day, from 10 am to 6 pm. Windows and doors were installed in 
all the rooms selected for the experimental procedure. The air sampling and monitoring 
equipment were placed at a height of 1.2 meters above floor level in the center of the 
room. The parameters monitored in each space were: 
1. Contaminants: 
• Particulate Matter (PM1, PM 2.5, PM4, PM 10 and TSP) 
• Total Volatile Organic Compounds (TVOCs) 
• Formaldehyde (HCHO) 
• Ammonia (NH3) 
• Radon Gas 
2. Thermal Comfort Parameters: 
• Temperature 
• Relative Humidity 
• CO2 as an indicator for ventilation 
 
The data loggers were set up as shown in Figure 3.3, and data was recorded using 
monitoring devices and data loggers. The air sampling equipment used were started at the 
same time and the samples were collected at the end of each experiment as discussed 
further in section 3.2.3. 
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3.2.3 Monitoring Devices 
 
Table 3.2 shows the list of devices that were used to monitor the parameters in this 
study and the set up is demonstrated in Figure 3.3. 
 
Table 3.2 Data collection: air-monitoring devices 
Contaminants 
PM 1 Metone data logger model 831 
PM 2.5 Metone data logger model 831 
PM 10 Metone data logger model 831 
TSP Metone data logger model 831 
HCHO Handheld Formaldehyde monitor & Chemical Analysis 
NH3 Chemical Analysis 
TVOCs Handheld VOC monitor & charcoal adsorbent tubes 
Radon Corentium  
Thermal Comfort Parameters (indoors) 
Temperature Extech RHT20: Humidity and Temperature Datalogger 
Relative Humidity Extech RHT20: Humidity and Temperature Datalogger 
CO2 Extech CO250: Portable IAQ meter 
Ambient Relative Humidity and Temperature 
Temperature HOBO UX100-023  
Relative Humidity HOBO UX100-023  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Experimental work setup 
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A. Particulate Matter (PM1, 2.5, 4, 10 and TSP) was measured using the metone, 
model 831, which is a real time monitoring instrument. At each location, the device 
was operated continuously for eight hours and the data was retrieved at the end of 
each study. The concentration range measured by this device is 0 – 1,000 µg/m3 with 
the resolution of 0.1µg/m3, accuracy ± 10% and a flow rate of 2.83 liters/ minute. The 
particles monitored in this range are coarse (10 microns or less) and fine particles (2.5 
microns in diameter) known as PM10 and PM 2.5 respectively. The device also 
records PM 1 (less than 1 micron), PM 4 (less than 4 microns) in diameter and the 
total suspended particulates (TSP).  
 
B. Volatile(Organic(Compounds,(Formaldehyde(and(Ammonia(
Portable handheld monitors were used to monitor VOCs and Formaldehyde in the 
following ranges: 0-30 ppm and 0-5 ppm respectively. The gases detected by the 
VOC monitor are Hydrogen Sulfide, ethanol and toluene with a resolution of 0.01 
ppm and an accuracy of ±10%. Since HCHO is not included as a VOC base in the 
VOC monitoring device, an HCHO-monitoring device based on electrochemistry 
theory for detection was used. The device detects HCHO in the range 0-5 ppm with 
an accuracy of ± 5%. The measurements provided by these devices were based on 
instantaneous readings, which were seen to fluctuate in a short period (<15 minutes). 
For this reason, chemical analysis was seen more relevant to overcome errors caused 
by this method. Carbon based adsorbents (charcoal sorbents) were used to determine 
the levels of VOCs according to the standard developed by (OSHA). The collection 
tubes contained 150 mg of coconut charcoal sub-divided into two portions of 100 mg 
and 50 mg. The front portion (100 mg) was used to collect the VOCs, while the 50 
mg backup section was used to determine if solvent breakthrough occurred. This 
method requires drawing a sample of air (active sampling) through a pump, the edges 
of the tube were broken and connected to the air pump as seen in Figure 3.4 (left). 
The airflow is measured and recorded then the pump is left to draw air for 8 hours 
into the tube (center). The tubes are then closed, wrapped in aluminum foil and 
refrigerated (right). Finally, the adsorbent (activated charcoal) in the tube is extracted 
to a glass test tube containing 2.00 mL of trichloroethylene. Using gas chromatograph 
flame ionization detector (FID), the VOC samples were analyzed to identify the 
compounds present in the collected sample. 
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HCHO was collected in a 0.05% aqueous solution of 3-methyl 2-benzothiazolone 
hydrazone hydrochloride (MBTH) (Khoder, 2000) while ammonia was collected in 
0.005M sulphuric acid solution. The solutions were filled in glass impingers that were 
connected to an air pump at the outlet, drawing air into the impingers (Figure 3.5).  
 
  
Figure 3.4 Procedures for using charcoal tubes to measure VOCs!
AIR IN 
AIR OUT 
Figure 3.5 Glass impingers set up for measuring HCHO and NH3 
 48 
C. Radon Gas was monitored using Corentium Digital Radon Monitor. The 
device samples indoor air through a passive diffusion chamber, and uses alpha 
spectrometry to calculate the radon level. Detection is done using silicon photo-diodes 
to both count and measure the energy of alpha particles resulting from the decay chain 
of radon gas. The instrument was calibrated to reference instruments in accredited 
laboratories. The detection range for this device is 0 – 9999 Bq/m with an accuracy of 
± 5 Bq/m3. The precision of the device increases as the time of operation is increased 
(one week to one month). To test the device, readings were recorded at two-hour 
intervals for one week as shown in the graphical presentation in Figure 3.6. The 
readings were found to reach a steady level after 24 hours and thus all readings were 
conducted in the test rooms at 8 and 24 hours of monitoring. 
 
 
 
Figure 3.6 Monitoring radon: 24-hour readings 
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D. Relative Humidity and Temperature were monitored continuously from the 
start of the experiment throughout the 8 hours. Two data loggers were used for this 
purpose for indoor and outdoor monitoring simultaneously, to help analyze the 
change in indoor contaminant concentrations with the change in temperature and 
humidity (Figure 3.7). For this purpose, HOBO UX100-023 External Temp/RH data 
logger records temperature and relative humidity with its external sensor for outdoor 
measurements and Extech RHT20: Humidity and Temperature Datalogger was used 
for indoor measurements. Temperature and humidity affect the concentration levels of 
other parameters like VOCs, ammonia and formaldehyde, which will be observed and 
recorded in this study. Maintaining these two parameters within human comfort is 
also necessary to avoid distress. 
  
Figure 3.7 Temperature and Relative Humidity data loggers setup!
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Figure 3.8 Testing m
ethods flow
chart 
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3.3 Part 2:  Monitoring IAQ during construction  
 
 
The second part of the research method entails the application of different material 
compositions in four test rooms.  The objective of the experiment is to evaluate the 
impact of materials used during construction and finishing to IAQ and to identify 
materials that reduce or eliminate the harmful pollutants. The IAQ parameters were 
monitored after each stage of application to identify the contribution of each 
component to the level of contaminants in a single space as shown in the framework 
presented in Figure 3.11. The final measurements were used to evaluate the level of 
exposure in the test rooms resulting from the interaction between the material 
compositions.  
 
Rin
g 
Figure 3.9 Studying rooms during construction; Site Location 
Figure 3.10 Building exterior and interior 
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The framework of this experiment is as follows: 
 
 
 
3.3.1 Test rooms and material selection 
A series of tests were carried out in four rooms located on the ground and lower 
ground floors of an apartment building in New Cairo, Egypt (Figure 3.12). The site 
selected is around 1.5 km off the Ring Road. It is newly constructed and is located in 
an area, which is currently under development with a low population. All parameters 
measured follow the same procedures as part 1 (study on existing buildings) in 3.2.3, 
following the blue path on the flowchart in Figure 3.8 and the red path was omitted. 
 
Wall Structure and Finishing 
Step 2: Wall preparation: application of primer 
Step 3: Wall finishing: application of finishing materials 
Floor Finishing 
Step 1: Floor Finish Installation 
M1: Measurement of floor and wall 
structure emissions 
M2: Measurement of wall primer and floor 
finishing 
M3: Measurement of wall and floor 
finishing 
Figure 3.11 Study framework for locations during construction 
Figure 3.12 Study during construction; site location and rooms 
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3.4  IAQ index 
 
The index is a single number aggregated mathematically from two or more 
indicators where each indicator denotes a single quantity associated with one 
variable. This tool combines data from a complex system to describe that 
system. The first step in the design of this index was the identification of 
measurable parameters. Next, step two involved identifying benchmarks 
below which the measured level is acceptable. The third step was to provide 
appropriate weighting for each of the categories and individual parameters. 
Finally the weighted scores were calculated to formulate the index. 
 
  
BENCHMARKS+
SCORE+ WEIGHT+
WEIGHTED+
SCORE+
+
+
INDEX+
READINGS+
VS. X =
Figure 3.13 IAQ index computation 
 54 
3.4.1 Identifying parameters: As explained in chapter 2, there are several 
pollutants that contribute to indoor air quality. In this research and the 
design of the index, the list of pollutants were filtered to include those 
which are either directly emitted from materials or are affected by the 
material compositions on the long run. 
Volatile Organic Compounds 
- Benzene  
 - Formaldehyde 
- Trichloroethylene  
- Tetrachloroethylene 
- Naphthalene 
- Toluene 
- Styrene 
- Xylene 
- Ethylbenzene 
Inorganic Compounds 
- Carbon Monoxide 
- Radon 
- Sulphur Dioxide 
- Nitrogen oxides 
- Ozone 
- Lead and asbesos 
- Ammonia 
Particulate Matter 
- PM 1 
- PM 2.5 
- PM 4 
- PM1 10  
Thermal Comfort Parameters 
- Temperature 
- Relative Humidity 
 
 
 
 
  
Volatile Organic Compounds 
1. Formaldehyde  
2. Benzene 
3. Toluene 
4. Xylene 
Inorganic Compounds 
5. Radon 
6. Ammonia 
Particulate Matter 
7. PM 2.5 
8. PM 10 
Thermal Comfort  
9. Temperature 
10. Relative Humidity 
Figure 3.14 Identifying measurable parameters for IAQ index 
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3.4.2 Identifying Benchmarks: The specification of benchmarks was 
completed according to the following criteria: 
• Where available, national standards supersede. 
• If ASHRAE standards are available, they are adopted instead of 
standards implemented in other countries. 
• If no national standards or ASHRAE standards are specified, the most 
stringent limits identified in non-national standards are used. 
• If none of these apply, occupational standards based on 8-hour 
exposure limits are adopted (OSHA or NIOSH). 
According to ASHRAE 62.1-62.2- 2007 & 2013 (A.3), there is no 
specific organization that is responsible for the identification of 
exposure standards for all indoor air contaminants, nor are values 
available for all contaminants of potential concern. This is due to 
insufficient epidemiological and toxicological evidence and defined 
data regarding indoor air contaminants. Therefore, the selection of 
concentrations and exposure levels should be determined with 
consideration to: 
• The purposes and setting for which they are developed compared to 
that to which they are applied. 
• Not all standards and guidelines recognize the presence of susceptible 
groups or address typical populations found in occupancies. 
 
Table 3.3 Identifying benchmarks for IAQ index score calculation 
Contaminant Benchmark Source 
Volatile Organic Compounds 
1. TVOCs 500 µg/m3 LEED 
2. Formaldehyde  27 ppb ASHRAE & LEED 
Inorganic Compounds 
3. Radon 4 pCi U.S. EPA 
4. Ammonia 43 ppb FiSIAQ 
Particulate Matter 
5. PM 2.5 15 µg/m3 ASHRAE & LEED 
6. PM 10 50 µg/m3 ASHRAE & LEED 
Thermal Comfort 
7. Temperature 21.8 to 30 °C Housing Design and 
Planning building code 8. Relative Humidity 20 to 50 % 
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3.4.3 Weighting: Analytical Hierarchy Process 
Analytical Hierarchy Process (AHP) was used to obtain the weights for 
factors 1 to 6. The pairwise comparison between the indicators was based 
on a nominal ratio-scale 1 to 9 which was input in each cell in a positive 
reciprocal matrix. The process was repeated twice where the first set of 
weights is used in acceptable thermal comfort conditions (when factors 7 
and 8 are within an acceptable range), the second set would be used when 
either one of the factors (7 or 8) is unacceptable thus altering the weights 
on factors (1 to 6). Table 3.5 indicates normalizing the relative weight by 
dividing the element of each matrix with the sum of its column, to obtain 
the final sum of columns =1. Next, the average for each row is calculated 
obtaining the final weights for each factor.  
 
 
Table 3.4 Analytical Hierarchy Process: paired comparison matrix 
  1 2 3 4 5 6 
1 1.00 0.25 8.00 6.00 5.00 4.00 
2 4.00 1.00 8.00 9.00 4.00 9.00 
3 0.13 0.13 1.00 0.33 6.00 6.00 
4 0.17 0.11 3.00 1.00 4.00 6.00 
5 0.20 0.25 0.17 0.25 1.00 8.00 
6 0.25 0.11 0.17 4.00 0.13 1.00 
Σ 5.7 1.9 20.3 20.6 20.1 34.0 
 
Table 3.5 Analytical Hierarchy Process: final weights calculation 
  1 2 3 4 5 6 Σ 
1 0.17 0.14 0.39 0.29 0.25 0.12 0.40 
2 0.70 0.54 0.39 0.44 0.20 0.26 0.25 
3 0.02 0.07 0.05 0.02 0.30 0.18 0.06 
4 0.03 0.06 0.15 0.05 0.20 0.18 0.11 
5 0.03 0.14 0.01 0.01 0.05 0.24 0.10 
6 0.04 0.06 0.01 0.19 0.01 0.03 0.08 
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Obtained final weights: 
 
Table 3.6 Final Weights 
Contaminant Weight-1 Weight -2  
1.Volatile Organic Compounds 
- Benzene 
- Toluene 
- Xylene 
0.42 0.40 
2. Formaldehyde 0.21 0.25 
Inorganic Compounds 
3. Radon 0.05 0.06 
4. Ammonia 0.09 0.11 
Particulate Matter 
5. PM 2.5 0.12 0.10 
6. PM 10 0.11 0.08 
Thermal Comfort  
7. Temperature _ 
8. Relative Humidity _ 
 
3.4.4 Final score: The input data is compared to the corresponding 
benchmark for each parameter and the following scores are given for 
the individual spaces accordingly; 
• Measurement below benchmark: score is 0 
• Measurement = benchmark: score is 0.5 
• Measurement is above benchmark: score is 1. 
Each score is then multiplied a weight identified by the AHP.  
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Table 3.7 Score assessment conditions and weights 
Contaminant Units 
Assessment Condition 
Weights Healthy range (HR)  
 Score = 0 
Benchmark  
Score = 0.5 
Non-healthy 
range (NR) 
Score = 1 
1. TVOCs 
- Benzene 
- Toluene 
- Xylene 
µg/m3 <500 500 >500 0.35 0.40 
2. Formaldehyde  ppb <27 27 >27 0.35 0.40 
3. Radon pCi <4 4 >4 0.15 0.09 
4. Ammonia ppb <43 43 >43 0.10 0.17 
5. PM 2.5 µg/m3 <15 15 >15 0.07 0.05 
6. PM 10 µg/m3 <50 50 >50 0.05 0.05 
7. Temperature °C 21.8 - 30  - <21.8 or > 30 NA 
8. Relative 
Humidity % 20 - 50 - < 20 or >50 NA 
 
 Input Data: The obtained measurements (M1 to M10) are input in the table and 
compared to the benchmark levels defined earlier (Table 3.8). The score (SS) is 
then calculated for each case and multiplied by the corresponding weight (SW), 
where A, B and C represent the stage of finishing for each room. In this study, A 
represents floor application, B is after the application of the first wall coating and 
C was after the final coating was applied. 
 
Table 3.8 Input data (obtained measurements) for IAQ parameters 
 
  Parameters 
Indoor Measurements 
A B C 
TVOCs 
Benzene 
Toluene 
Xylene 
T1A   
M1A 
 M2A 
 M3A 
T2B   
M1B 
M2B 
 M3B 
T3C  
 M1C 
 M2C 
 M3C 
HCHO   M4A   M4B   M4C 
Radon   M5A   M5B   M5C 
Ammonia   M6A   M6B   M6C 
PM 2.5   M7A   M7B   M7C 
PM 10   M8A   M8B   M8C 
Temp   M9A   M9B   M9C 
Humidity   M10A   M10B   M10C 
Index IA IB IC 
 59 
 
Table 3.9 Final score computation 
 
Computation and rating 
The weighted score= total score (SS) * total weight (SW).  
The weighted score is then compared to the following scale to provide the 
final index (1 to 4) for each room. The rating is defined by calculating 
quartiles where acceptable range lies in the first quartile, the second quartile 
needs improvement, third and fourth quartiles are poor and unacceptable 
respectively. The acceptable limit indicates that the space is ready for 
occupancy, needs improvement can reach acceptable limit with time 
depending on the type of contaminant that is available, poor environment 
requires mitigation by removing the source of the contaminant or by dilution 
treatments (e.g. ventilation) and it is recommended to identify causes for 
unacceptable environments to prohibit the sources causing extreme problem 
areas. 
 
Table 3.10 Index rating scale 
Weight-2  Score Table 
A: Score A: Weight B: Score B: Weight C: Score C: Weight 
0.35 
0, 0.5 or 1 
0.35 
0, 0.5 or 1 
0.35 
0, 0.5 or 1  
0.35 
0.20 0.20 0.20 0.20 
0.04 0.04 0.04 0.04 
0.04 0.04 0.04 0.04 
0.15 0.15 0.15 0.15 
0.10 0.10 0.10 0.10 
0.07 0.07 0.07 0.07 
0.05 0.05 0.05 0.05 
    
    1.0 SS: Total score 
SW: Total 
Weight 
SS: Total 
score 
SW: Total 
Weight 
SS: Total 
score 
SW: Total 
Weight 
 
  Ss*SW   Ss*SW   Ss*SW 
0 - 0.59 0.60 – 1.19 1.2-1.79 1.8-2.5 
1 
(Acceptable) 
2  
(Needs 
Improvement) 
3  
(Poor) 
4  
(Unacceptable) 
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3.5 Chapter Summary 
 
Field experiments were carried out in five different sites, four in New Cairo 
and one site in Nasr City to record levels of indoor contaminants in relation to 
thermal comfort parameters. The same test was carried out in four rooms 
during construction located in site 6. After carrying out the pilot study on sites 
S1, S2, S3 and S4; it was observed that the HCHO and VOC monitoring 
devices showed fluctuations in the readings, therefore, the following 
modifications were made: 
Modification 1: The direct reading devices were replaced by chemical analysis 
methods explained earlier for HCHO and VOCs only. These methods were 
adopted to repeat the readings in sites S2, S3 and for an additional site (S5).  
 
Modification 2: Another parameter was added (NH3) and was monitored in the 
second set of readings since the direct monitoring device has indicated a 
quantitative measure to the total volatiles present but with no specific 
breakdown.  
 
The final methods used to carry out the second part of the pilot study and in 
the test rooms under construction are as follows: 
Particulate Matter:   Direct Reading  
Radon:    Direct Reading 
TVOCs:    Part 1: (Direct Reading)    
Part 2: chemical analysis using adsorbent tubes  
HCHO and NH3:  Part 1: Direct Reading 
    Part 2: Solutions in impingers 
RH and T:   Data loggers 
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CHAPTER 4: RESULTS AND ANALYSIS 
4.1 Overview 
 
The results presented in this chapter are divided intro three sections based on the 
conducted field studies;  
i. Results of pilot study (Existing Buildings in five sites) 
ii. Results of applied materials in four rooms during construction 
iii. Application of index and summary of results. 
The studies revealed that measured pollutants were recorded in different 
concentrations in all indoor environments. The minimum, maximum and 
arithmetic mean concentration for each pollutant is recorded in Table 4.1, 
indicating that the application of materials has contributed to higher levels of 
contamination immediately after construction than in locations that were finished 
six to twelve months before performing the study. The results indicate that PM 
2.5, PM10, HCHO and NH3 are present at high concentrations after the 
completion of construction, exceeding the recommended benchmarks; however, 
the concentration varies with time. Particulate matter concentrations recorded 
after six to twelve months of construction were 50 to 70 % less than those 
measured at zero months after construction. The concentration of HCHO and NH3 
concentrations were reduced up to 50% and 13%, respectively, indicating that 
HCHO concentrations significantly decreased with time as opposed to NH3 levels, 
which decrease at a lower rate. The indoor temperature recorded in both parts of 
the study ranged from 13.4 to 19.0 °C in the finished apartments and from 11.8 to 
19.9 °C in the rooms during construction. The relative humidity levels measured 
were higher during construction than in the finished apartments, mainly resulting 
due to the application of coatings (wet products). Particulate matter 
concentrations are higher during construction than in the pilot study examples. 
These levels decrease with application of wall coatings, which indicates that the 
suspended particulates may be adsorbed on the surfaces towards the end of the 
construction process. Radon levels recorded in both parts of the study are within 
the same range since the decay of radon occurs at a constant rate through time. 
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Table 4.2 records the full set of measurements for the pilot study (sites 1 to 5) as 
well as the measurements during the second part of the study, with the application 
of materials in the test rooms. These results are going to be discussed in detail in 
sections 4.2 and 4.3 of this chapter. 
 
Table 4.1 Range of readings recorded during and after construction 
 
Measurement 
(Unit) 
Pilot Study Test Rooms 
Min. Max. Mean SD Min. Max. Mean SD 
Temp °C 13.4 19.0 15.5 1.90 11.8 19.9 16.2 2.0 
RH % 38.5 68.3 54.4 11.5 48.1 94.5 66.9 12.3 
CO2 ppm 369.0 599.0 483.7 84.4 419.8 599.0 462.0 45.4 
PM 1 µg/m3 3.2 13.5 7.4 3.9 3.0 26.3 10.7 7.2 
PM 2.5 µg/m3 7.4 26.4 15.7 7.8 10.1 90.5 28.1 20.9 
PM 10 µg/m3 18.6 74.2 44.3 19.7 49.8 238.5 105.1 54.3 
TSP µg/m3 47.4 76.8 47.4 20.2 53.1 330.3 119.5 75.2 
HCHO ppb 5.7 40.0 19.0 14.5 39.7 99.3 35.9 28.4 
NH3 ppb 37.2 47.2 42.2 7.0 11.49 54.5 34.0 14.1 
Radon pCi/L 0.18 3.12 1.40 1.34 0.00 2.29 0.32 0.23 
VOCs µg/m3 7.38 396.3 143.7 183.1 11.54 345.6 125.8 99.2 
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Table 4.2 Indoor and outdoor temperature, humidity and CO2 concentration  
 
Location 
Thermal Comfort and Ventilation 
Outdoors Indoors 
Temp RH CO2 Temp RH CO2 
°C % ppm °C % ppm 
Site 1 16.8 51.6 467.90 14.7 61.0 544.8 
Site 1* 26.3 22.0 423.90 22.2 35.0 489.6 
Site 2 13.8 34.6 412.70 15.8 48.6 369.0 
Site 2* 18.1 25.0 415.00 19.9 37.7 406.0 
Site 3 14.9 54.9 438.20 13.4 63.3 516.0 
Site 3* 17.8 25.9 428.50 15.1 38.5 599.0 
Site 4 21.0 15.3 412.50 15.2 68.3 435.0 
Site 5 19.4 47.3 467.90 19.0 46.4 438.4 
Room1 
A 17.5 43.1 427.3 14.1 56.8 443.0 
B 17.8 25.9 405.0 15.3 66.9 599.0 
C 17.8 49.0 452.5 16.7 80.6 431.5 
C* 20.4 45.9 418.50 19.5 43.8 369.0 
Room 2 
A 13.1 63.8 417.9 11.8 61.5 477.1 
B 16.0 61.1 426.2 14.5 77.4 463.6 
C 20.3 38.7 425.9 16.2 68.6 428.0 
C* 20.5 36.2 423.0 20.2 40.1 406.0 
Room 3 
A 19.1 39.2 437.3 15.5 68.6 478.0 
B 22.9 29.6 418.7 16.9 73.7 480.1 
C 18.44 40.11 460.00 16.9 60.0 421.6 
C 18.44 40.11 436.90 19.9 49.2 455.3 
D 20.36 46.50 467.30 17.9 94.5 434.6 
Room 4 
A 19.57 34.56 435.20 17.8 48.1 451.9 
B 18.44 40.11 424.20 17.4 63.4 419.8 
* Repeated measurements 
Error in experimental procedure: omitted readings 
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Table 4.3 Indoor particulate matter and other contaminants 
Location 
Particulate Matter Other Contaminants 
PM 1 PM 2.5 PM 4 PM 10 TSP Radon NH3 
µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 pCi/L ppb 
Site 1 9.77 17.24 25.26 41.86 45.84 0.89 _ 
Site 1* 10.12 18.74 28.53 47.84 58.07 1.02  
Site 2 3.24 8.11 15.26 27.86 30.51 0.18 _ 
Site 2* 3.18 6.93 13.2 26.96 29.42 2.02 64.46 
Site 3 13.54 22.83 33.50 53.76 58.44 0.28 _ 
Site 3* 4.63 12.38 24.80 49.78 53.09 3.07 37.24 
Site 4 4.46 7.48 11.12 18.64 20.25 0.80  
Site 5 8.96 26.42 48.40 74.28 76.82 0.32 47.27 
Room1 
A 7.4 14.8 34.8 95.3 105.6 0.43 0.82 _ 
B 4.6 12.4 24.8 49.8 53.1 0.68 2.29 54.56 
C 3.7 17.5 35.9 62.6 78.2 0.75 2.20 45.23 
C* 4.5 18.4 37.1 60.4 64.1 0.62 1.42 48.81 
Room 2 
A 4.0 14.5 47.1 160.9 188.6 0.54 1.12 40.2 
B 4.2 31.3 41.6 66.5 71.3 0.78 1.64 45.94 
C 4.7 28.9 37.4 44.3 65.9 0.69 1.29 52.34 
C* 3.0 16.5 35.1 55.4 57.6 0.54 1.09 38.67 
Room 3 
A 8.4 32.4 74.4 141.2 149.8 0.24 0.48 11.49 
B 16.8 29.0 44.7 79.5 88.5 0.18 0.6 21.54 
C 3.1 10.1 26.0 69.6 78.0 0.29 0.69 30.15 
C 15.5 30.8 55.6 110.3 118.1 0.35 0.73 34.46 
D 26.3 50.0 59.6 65.2 65.5 0.29 0.41 45.94 
Room 4 
A 10.6 90.5 192 164 183 0 0 14.36 
B 9.8 18.4 47.4 138.5 330.3 0.08 0.22 22.94 
* Repeated measurements 
Error in experimental procedure: omitted readings 
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Table 4.4 Indoor Volatile Organic Compounds (Benzene, Toluene and Xylene) 
 
Location 
Volatile Organic Compounds 
HCHO Benzene Toluene Xylene Total (BTX) 
ppb µg/m3 µg/m3 µg/m3 µg/m3 
Site 1 10.00 _  
Site 1* _ 141.05 12.1 7.38 160.53 
Site 2 35.00 _  
Site 2* 15.47 352.09 16.32 27.88 396.29 
Site 3 40.00 _  
Site 3* 13.84 0.00 17.18 0.00 17.8 
Site 4 10.00 _  
Site 5 5.70 0.00 0.00 0.00 0 
Room1 
A 20.00 _ _ _ _ 
B 5.70 0  40.7  0.00  40.7 
C 34.2 2.46  16.13  32.26 50.85 
C* _ 74.21 15.26 9.61 99.08 
Room 2 
A 20.35 62.1 5.8 6.41 74.31 
B 99.33 259.47 18.96 27.85 306.28 
C 82.23 18.43  13.15  3.69  35.27 
C* _ 141.59 6.86 10.06 158.51 
Room 3 
A 19.44 139.64 9.84 15.83 165.31 
B 32.29 103.16 10.51 6.86 120.53 
C 28.5 0.00 9.46 2.08 11.54 
C 43.15 305.8 24.72 15.07 345.59 
D 26.05 52.62 8.93 7.31 68.86 
Room 4 
A 13.84 168.42 6.75 6.22 181.39 
B 17.10 84.72 5.8 12.78 103.3 
Error during analysis of Volatiles 
Error in experimental procedure: omitted readings 
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4.2 Pilot Study: Monitoring existing buildings 
 
The pilot study was conducted in two stages; stage 1 used direct reading 
devices only to monitor the previously mentioned parameters in four different 
sites (S1, S2, S3 and S4). The devices showed high fluctuations in the 
readings and accordingly were replaced using chemical analysis, for the 
sampling of HCHO and VOCs; NH3 was also monitored at stage 2. The 
readings were repeated adopting the modified method in sites (S1, S2, S3 and 
S5).  
Figure 4.1 shows the benchmark values for each parameter as 
compared to the minimum and maximum values recorded during the pilot 
study. The minimum values recorded, all lie within the benchmark defined, 
however the minimum NH3 levels are close to the benchmark limit. The 
maximum levels exceed the benchmark for all measured parameters with the 
exception of radon, which did not exceed the recommended limits. 
  
Figure 4.1 Pilot study readings compared to benchmarks 
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4.2.1 Temperature and Relative Humidity monitored in pilot study 
 
Thermal comfort parameters, temperature and relative humidity were 
monitored to compare indoor and outdoor readings. The indoor temperature 
was in the range 13.4 to 19.9°C (below thermal comfort levels specified by the 
Egyptian code) and relative humidity levels ranged from 37.7 to 68.3%. The 
indoor temperature recorded in all sites was lower than outdoor temperature 
with only one exception; S2. The main reason observed for this exception was 
the orientation of the room; being located, on the East façade caused the 
surface temperatures inside the rooms to increase. The minimum difference 
between indoor and outdoor readings was 0.4°C recorded in S5, where parquet 
was used for floor finishing.  On the other hand, the indoor temperature was 
5.8°C below outdoor temperature in site 4, located on the lower ground level 
and using marble flooring.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.2 Pilot Study: temperature readings 
* Repeated 
 68 
Indoor relative humidity levels were associated with outdoor readings, where 
an increase in outdoor RH is accompanied with a high indoor RH. Although 
indoor RH was approximately 10% higher than outdoor RH levels in almost 
all sites, the readings were acceptable in five sites, while three were out of the 
acceptable range (20 to 50%) as shown in Figure 4.3. The lowest difference 
between indoor and outdoor RH was recorded in site five, where parquet was 
used for flooring. 
 
 
 
 
Figure 4.3 Pilot Study: indoor and outdoor RH 
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4.2.2 Concentration of Particulate Matter in pilot study 
 
The studies revealed that PM 2.5 and PM 10 were highest in sites one, three 
and five. This observation was strongly correlated to the age of the building 
and PM 2.5, PM10 levels where (r =0.57 and 0.52), respectively. The recorded 
concentrations of particulates were higher in apartments located in old 
buildings, for example S5 which was constructed 25 years before the study. 
Another factor, which affected the concentration, is the time since the 
finishing was applied, which showed a strong negative correlation (r = -0.71, -
0.88) for PM 2.5 and PM 10 respectively. In other words, after the completion 
of construction, suspended particulates are recorded at high concentrations. 
With time, the suspended particulates settle and adsorb on the surfaces of 
walls and floors, decreasing the measured concentrations. After several years 
of construction, adsorbed particulate concentrations increase and are re-
suspended into the air. 
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Figure 4.4 Pilot study : Particulate Matter readings 
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4.2.3 Concentration of TVOCs, HCHO and NH3 in pilot studies 
 
The measurement of TVOCs, HCHO and NH3 was carried out using two 
different methods: 
1. Direct Reading 
2. Chemical Analysis using 3-methyl-2-benzothiazolone hydrazone 
hydrochloride (MBTH) for HCHO, 0.005M sulphuric acid solutions 
for NH3 and collection tubes 150 mg of coconut charcoal for VOCs. 
The results obtained from the first method (direct reading) indicated that 
TVOCs were 0 ppm in all sites except for site 2 where 1 ppm was recorded. 
As for HCHO, the readings were in the range 0.04 to 0.05 ppm using direct 
reading devices. When the test was repeated using chemical analysis, HCHO 
levels of 13.84, 15.47 and 5.7 ppb were recorded for sites S2, S3 and S5 
respectively. The construction work was completed in S2 and S3, six and two 
months before the experiment while minor renovation work took place in S5 
twelve months before the start of the experiment. Buildings with construction 
work completed at least 12 months before the study have shown lower levels 
of HCHO indicating that HCHO concentrations decrease with time. 
 
   
Figre 4.5 Pilot study: formaldehyde readings 
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NH3 was measured in S2, S3 and S5 where 37.33, 64.61 and 47.38 ppb were 
recorded, which exceeded the benchmark in two sites. The level of ammonia 
in S3 where porcelain tiles and emulsion paint were used is the highest. This is 
followed by site 5 where parquet was used for flooring. According to previous 
studies conducted the concentration of ammonia increases with increase in RH 
(H. Järnström, 2006). Therefore, it is necessary to repeat this study during 
different seasons to assess the effect of climatic conditions on the readings 
obtained, especially in the case of ammonia, which has exceeded 
recommended standards.  
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Figure 4.6 Pilot study: ammonia readings 
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As for the analysis of VOCs in the pilot study, the results indicated that site 2 
where the construction work was completed ten months before the study had a 
higher concentration of total volatile organic compounds based on the 
quantification of benzene, toluene and xylene in the collected sample. The 
measured concentration was 396.29 µg/m3 for the three compounds only. Site 
1, which was also renovated ten months before the study, has shown a lower 
concentration of 160.53 µg/m3. This is mainly because the type of renovation 
work, which took place in site 1, was minor compared to the application of 
materials in site 2. The readings conducted in site 3 and 5 are omitted due to 
errors that occurred during the analytical procedure. Since the samples are 
volatile, the time between collection of samples and the chemical analysis 
should be kept to a minimum to reduce possible losses by evaporation. Details 
for the results are seen in the forms presented in pages 71 to 75. 
4.2.4 Radon Gas measured in pilot study  
Radon levels in the indoor environment ranged between 1.02 pCi/L to 3.07 
pCi/L. The lowest levels were recorded in site 3 where porcelain tiles were 
used while highest levels were recorded in site 4 where marble flooring was 
used.  
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Figure 4.7 Radon readings 
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4.2.5 Pilot Study summary of results  
 0 The studies conducted tested indoor air quality parameters in a steady state 
environment for 8 hours. The indoor environment remained unchanged 
during the time of the experiment. It was controlled, where the doors and 
windows were closed and the spaces were not ventilated before or during 
the time of the study.  0 Thermal comfort levels were not met in most of the selected sites. This can 
be improved by source control; i.e. selection of building materials with 
suitable properties to maintain thermal comfort conditions at acceptable 
levels. 0 Chemical analysis provided more consistent results for HCHO and VOC 
than direct reading and was adopted in the next part of this study. 
Chemical analysis was also commonly used by previous studies. 0 Particulate matter levels are affected by the age of the building and time 
since renovation or finishing. Installed materials affect the adsorption of 
particulate matter, which can be observed over prolonged periods of 
exposure and monitored for a longer time period. 0 Formaldehyde levels were lower in older buildings, i.e. their 
concentrations are reduced with time.  0 The interaction between the measured contaminants should be considered 
and evaluated in future research. Interactions between particulate matter 
and VOCs are discussed in previous work by (Guo, 2013), where 
particulate matter increases exposure to VOCs. Since older buildings 
appear to have lower levels of formaldehyde but higher levels of 
particulate matter, it is necessary to carry out further analysis to test the 
composition of particulates, which may be affected by deterioration of 
building materials. 0 This data presented in this chapter was documented as seen in Figure 4.8; 
and in the next pages of this section. The form was developed to facilitate 
data collection for each room separately and to help visualize the index. 
Accordingly the index for each space was calculated. &  
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Figure 4.8 Report of Results
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4.3 Testing rooms during construction 
 
This section describes the results obtained as two types of floor finishing 
materials and six types of wall finish coatings were applied in the test rooms. 
The results indicated that wall coatings have contributed to the highest levels 
of HCHO and NH3. Another observation was that particulate matter levels 
decreased with the application of the first type of preparatory coating (primer) 
reducing the initial readings in each room. This was accompanied with an 
increase in relative humidity levels in each space. The types of materials 
applied and their costs are recorded in Table 4.5. The same type of primer was 
used in rooms 1, 2 and 3 and was eliminated from room 4. Paint sample 1 had 
the highest cost and was described to have low VOC and no formaldehyde 
content, while samples 2 and 3 are within the economic range. Paint sample 4 
is often used for exterior applications and rarely used for interiors and finally 
wallpaper was applied as an alternative to paint. The results for each of the 
materials are presented in further detail in this chapter. 
 
Table 4.5 Study rooms during construction: costs of materials used 
Space 
Floor Material Wall Material 
Type Cost (L.E.) Type 
Cost 
(L.E./L  
Or 
 LE/m2 ) 
Room 1 Ceramic Tiles 140 
1. Primer  
2. Sealer 
3. Paint Sample 1 
27.5 
12.0 
38.5 
Room 2 Ceramic Tiles 140 
1. Primer 
2. Sealer 
3. Paint Sample 2 
27.5 
12.0 
7.0 
Room 3 Ceramic Tiles HDF flooring 
140 
81.6 
1. Primer  
2. Sealer 
3. Paint Sample 3 
4. Wall paper 
27.5 
12.0 
6.7 
15.0 
Room 4 Ceramic Tiles HDF flooring 
140 
81.6 1. Paint Sample 4 24.0 
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4.3.1 Temperature and Humidity monitored during construction 
 
The mean values for temperature and humidity recorded during this part of the 
study were 16.1 °C and 64.5 % respectively. The range of these measurements 
was from 11.8 to 19.9 °C and 38.4 to 94.5 %. The first reading was recorded 
after installing flooring, followed by application of primer and finally paint 
was applied. The temperature increased as new materials were applied in each 
room, with only two exceptions (room 3 and room 4).  
 
 
Figure 4.9 Study Rooms during construction: indoor temperature 
readings 
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The first point recorded in each set resembles the relative humidity after finish 
flooring was applied. The second point is after the application of primer and 
the third is after the walls were painted. 
Relative Humidity levels recorded after the first step were in the range of 48.1 
to 64.7%, the lowest being in room 4 where HDF was used. After wall primer 
was applied, the measured RH levels increased in all rooms. The application 
of paint caused a further increase in RH except while, installing wallpaper 
using adhesives caused a drop in RH to 49.2. During this procedure RH 
remained above recommended limits, which is clearly associated with 
application of coatings.  
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Figure 4.10 Study Rooms during construction: indoor RH readings  
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4.3.2 Concentration of Particulate Matter during construction 
 
The recorded levels of particulate matter were higher before the application of 
wall coatings, exceeding acceptable benchmarks. The concentration of larger 
particulates is higher than smaller particulates in all spaces. For both, PM 2.5 
and PM 10, the concentration decreased approximately by 25% with the 
application of the first wall coating. At the end of the study, PM 10 was 
reduced from 40 to 60% as compared to the level at the start of the 
experiments.  
The initial level of suspended particulates was not consistent among all rooms. 
The variation may occur due to the release of particles as the materials are 
installed and due to movement during the material application and 
experimental setup, particles are suspended into the air. 
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Figure 4.11 Study rooms during construction : PM 2.5 readings 
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A similar pattern was seen in PM 10 as PM2.5, where the initial values are 
higher in all rooms are higher than the final readings. The particulate matter 
PM 10 is of a larger size than PM 10. A higher concentration of PM 10 is 
measured in all spaces compared to PM 2.5. In rooms 1, 2 and 3 the 
concentrations of particulates showed a more significant decrease than in 
room 4, where fewer coatings were applied. 
 
 
 
Figure 4.12 Study Rooms during construction: PM 10 readings 
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4.3.3 Concentration of VOCs, formaldehyde and ammonia during construction 
 
The most widely used solvents in manufacturing of paint include the aromatic 
hydrocarbons, benzene, toluene, mixed xylene (o-xylene, p-xylene and m-
xylene) and ethyl benzene (Sigma, 2015).  The VOCs analyzed in this study 
are benzene, toluene and xylene, where the mean concentrations were found in 
the ratio of 12:2:1. The measured concentration of benzene, toluene and 
xylene were in the ranges 16.47 to 110 ppb, 1.54 to 17.8 ppb and 1.7 to 7.43 
ppb respectively. Other types of volatile compounds were detected during the 
analysis process; however, further investigation is required to identify the 
types and concentrations of the individual compounds. Each test indicated the 
presence of eight to ten compounds which may increase the present total VOC 
readings by three to four times, based on the available analysis. 
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Figure 4.13 Ratio of individual compounds found in air sampling 
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In locations where ceramic flooring was applied (room 2), the measured 
TVOCs were less than rooms 3 and 4 where HDF was used. The application 
of wall coating increased the levels of VOCs in each room with an exception 
of room 4. In room 1, where low VOC paint was used, the lowest 
concentration (99 µg/m3) was recorded. Where economic paints were used, 
the levels of benzene, toluene and xylene in each of the spaces were 158.51 
and 345.59 µg/m3. Although these levels did not exceed the specified 
benchmark 500 µg/m3, other compounds which were detected in each sample 
indicate that the total VOC levels may exceed the recorded numbers by three 
to four times. 
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Figure 4.14 Total VOCs (BTX) measured during construction 
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Higher levels of formaldehyde were recorded after the application of wall 
coatings, compared to the application of flooring. With regards to the type of 
flooring used, formaldehyde concentration was higher in rooms finished using 
ceramic tiles than those where HDF flooring was installed. Applications of 
primer and paint have shown increased levels of formaldehyde in all rooms 
tested. The same type of primer was applied in all rooms, increasing the 
recorded levels by approximately three to four times the original levels. Paint 
samples 1, 2 and 3 (in rooms 1, 2 and 3 respectively), were applied after the 
coating of primer, therefore showing higher HCHO concentrations than paint 
sample 4 (in room 4), which is typically used without primer coating and 
therefore providing a rougher surface finish. Paint sample 2, in room 2 has 
contributed to the maximum level of HCHO in this study, exceeding the 
recommended exposure level by 55.2 ppb. Finally, the level of HCHO 
measured after the application of wallpaper was below the benchmark.  
 
 
 
 
Figure 4.15 Formaldehyde measured during construction 
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The concentration of ammonia exceeded the benchmark in three cases, with 
the application of paint sample 1, primer and wallpaper. The initial levels 
recorded were higher in rooms with ceramic tiles than rooms with HDF (room 
3 and 4). The increase in levels of ammonia is mainly due to the application of 
coatings, primer and paint as well as wallpaper. However, the choice of paint 
can significantly contribute to the reduction of the measured concentration. 
For example, paint sample 4, used in room 4 showed the least concentration of 
ammonia among all other rooms. This can also be linked to the quantity of 
different materials, which were applied. Where more materials were used, the 
measured concentration of pollutants increases. 
 
 
 
Figure 4.16 Ammonia measured during construction 
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4.3.4 Concentration of Radon during Construction 
 
The results demonstrated in Figure 4.17 show that radon readings have not 
exceeded recommended levels in any of the monitored spaces. However, the 
final reading in each room shows an increase compared to the initial reading 
recorded. Moreover, primer application, again, increases the recorded levels of 
radon in the air although the values decrease after its application.  
Rooms 1 and 2 where the finish flooring was ceramic show higher initial 
readings than rooms 3 and 4 where the flooring installed was HDF. 
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Figure 4.17 Radon concentration during construction 
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4.4 Summary of Results 
4.4.1 Application of IAQ index 
 
The application of an IAQ index to compile the data collected is suggested as 
part of a framework described below and presented in Figure 4.17 in further 
detail. 
 
This framework intends to filter materials first during the design stage into 
different categories (A, B and C), based on the lab test results of the listed 
compounds. The emission factor of each material is expected to fall within the 
acceptable limits specified by the International Green Construction Code 
(IGCC) attached in Appendix 1.  The second step entails the application of 
the index for IAQ assessment. The assessment would be carried out in 
apartments before leasing. The purpose of these tests is to ensure that the 
selected materials, when applied together, are within the recommended limits 
adopted in this study. The index can be used to record the data collected and 
calculate the overall evaluation for each space. This tool may be used to 
indicate problem areas that can be addressed and modified in the future. The 
data in this study is presented in Table 4.6 below and demonstrates the 
expected outcome of the designed index. The final step in this framework 
involves a post occupancy assessment to identify the levels of pollutants 
during building operation. This is essential to measure real time levels of 
contaminants to which occupants are exposed so that critical issues can be 
addressed in upgrading the index. 
Figure 4.18 Framework for material assessment 
Level 1 
Level 3 
Level 2 
Design: Material Screening  
(Emission factors with reference to IGCC) 
Operation: Post Occupancy Assessment 
IAQ assessment follow-up 
Construction: IAQ index 
Air quality assessment after material installation 
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Table 4.6 Application of index 
Parameters 
Indoor Measurements 
S1 S2 S3 S4 S5 R1 R2 R3 R4 
HCHO 10.00 15.47 13.84 10.00 5.70 24.85 19.97 32.57 26.05 
Radon 1.02 2.02 3.07 0.80 0.32 1.51 1.51 0.56 0.41 
PM 2.5 18.74 6.93 12.38 7.48 26.42 15.20 20.8 35.55 50.00 
PM 10 47.84 26.96 49.78 18.64 74.28 68.50 94.2 99.05 65.2 
Ammonia _ 64.46 37.24 _ 47.27 51.69 33.50 28.38 45.94 
VOCs 160.53 396.29 17.80 _ _ 69.89 38.58 175.07 68.86 
Temp 22.20 19.90 15.10 15.20 19.0 16.30 14.17 17.55 17.90 
Humidity 35.00 37.70 38.50 68.30 46.4 55.83 69.17 71.50 94.5 
Index 1 1 1 1 2 3 3 3 1 
 
 
  
  
 
The results presented in this index reflect the level of air quality in each of the 
studied spaces. All locations, which were monitored a few months after the 
construction work was completed, have shown acceptable levels with one 
exception (S5) where the index indicated that this location needs 
improvement. The parameters crossing the benchmark are marked in red, 
indicating that two measurements have crossed the acceptable limits in S5, 
therefore causing the index to increase. R2 and R3, which were monitored 
immediately after construction, have been identified to have poor IAQ based 
on the assessment. This is due to the types of materials used, which have 
caused three values to be within an unacceptable range. R4 using paint sample 
4, with no application of primer and with HDF flooring has shown an 
improved level of IAQ which is equivalent to the levels seen in S1 to S4 
(monitored after a few months on construction). 
1" 2" 3" 4"
1:"ACCEPTABLE"
2:"NEEDS"IMPROVEMENT"
3:"POOR"
4:"UNACCEPTABLE"
1: Acceptable 
2: Needs Improvement 
3: Poor 
4: Unacceptable 
 
red indicates values that 
cross the benchmark 
 re 
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Phase 1: DESIGN 
Material Screening (Emission factors with reference to IGCC) 
 
Phase 2: CONSTRUCTION 
Material Installation and Assessment using IAQ index 
 
Phase 3: OPERATION 
Post Occupancy Assessment: IAQ assessment follow-up 
 
Figure 4.19 Application of framework for materials selection and IAQ assessment  
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PHASE 2
 
PHASE 3 
Phase 1: DESIGN 
Material Screening (Emission factors with reference to IGCC) 
 
Phase 2: CONSTRUCTION 
Material Installation and Assessment using IAQ index 
 
Phase 3: OPERATION 
Post Occupancy Assessment: IAQ assessment follow-up 
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Figure 4.19 Application of framework for materials selection and IAQ assessment (continued) 
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4.4.2 Limitations 
 
In this study, due to the absence of a clear material classification system in 
Egypt, selected mainstream materials were tested in the core study. Expanding 
the types of materials to include a wider range of products is recommended. 
The classification should also occur at earlier stages, before conducting field 
tests; to identify acceptable materials and to isolate products that should be 
disregarded. The studies should mainly focus on testing the real time effect of 
materials classified as acceptable after running lab tests to screen and 
categorize products.  
The study was conducted during the months of January and February; 
therefore measuring the effect of the climatic changes in other seasons can 
provide empirical data over a prolonged time frame. Furthermore, among the 
inconveniences in this study was that available equipment for monitoring 
VOCs, formaldehyde and ammonia were based on chemical analysis and lab 
procedures. Advanced data loggers and direct monitoring devices can be used 
to monitor the same parameter throughout the eight hours of testing, with 
minimal effect due to possible human errors in the laboratory analysis. 
Regarding the quantification of VOCs, different types of VOCs were detected, 
yet not identified in this study. Qualitative analysis by gas chromatography-
mass spectrometry (GC/MS) carried out directly after the sample collection 
can be used to identify all possible compounds. Next, the quantification can 
occur for compounds that appear at high concentrations in the preliminary 
qualitative analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Reports of Results 
 
Site 6: 
Room 1 
Room 2 
Room 3 
Room 4 
 
 
 
 
 
 
A,B, C and D (order or material application) 
A: Flooring 
B: Wall coating (primer) 
C: Wall finish coating 
D: Wallpaper 
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Volatile Organic Compounds
If other Volatiles are present, specify type and concentration.
27 ppb
43 ppb
4 pCi/L
Particulate Matter
15 µg/m3
50 µg/m3
WS:
FF:
WIF:
WEF:
Other:
Yes
No
500 µg/m3
Contaminants Notes:
34.4 m2
96.1   m3
Lower Ground Floor 
Clay Brick
Ceramic Tiles + HDF flooring
_
Paint
Wood door and 
aluminum window frames
Room 4 A
17.8 °C
48.1 %
451.9 ppm
13.84 ppb
14.36 ppb
0 pCi/L
90.5  µg/m3
164.0 µg/m3
168.42 µg/m3
6.75 µg/m3
6.22 µg/m3
181.39 µg/m3
-
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1. Relative Humidity
2. Temperature
3. Carbon Dioxide
4. Benzene
5. Toluene
6. Xylene
7. Formaldehyde
8. Ammonia
9. Radon
10. PM 2.5
11. PM 10
500      1000-1200   5000ppm
Room Plan
Area
Volume
Materials
Index
Parameter                       Scale                                                  Reading 
21.8          30
20            50
Acceptable
Volatile Organic Compounds
If other Volatiles are present, specify type and concentration.
27 ppb
43 ppb
4 pCi/L
Particulate Matter
15 µg/m3
50 µg/m3
WS:
FF:
WIF:
WEF:
Other:
Yes
No
500 µg/m3
Contaminants Notes:
34.4 m2
96.1   m3
Lower Ground Floor 
Clay Brick
Ceramic Tiles + HDF flooring
Paint Sample 4
Paint
Wood door and 
aluminum window frames
Room 4 B
17.4 °C
63.4 %
419.8 ppm
17.10 ppb
22.94 ppb
0.22 pCi/L
18.4 µg/m3
238.5 µg/m3
84.72 µg/m3
5.8 µg/m3
12.78 µg/m3
103.3 µg/m3
-
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4.4.3 Comparing present study with previous research work 
 
Previous research conducted to monitor IAQ levels in indoor environments 
studies one or two IAQ parameters as shown in the table below. The purpose 
of the current study was to measure the emission of multi-pollutants, 
providing a holistic assessment of IAQ. The results of previous studies were 
compared to the present study indicating the following: 
Formaldehyde concentrations measured in Egypt in the rooms under 
construction show values that are higher than those presented in the studies by 
(H.Järnström et al., 2006) and (M. Tuomainen et al., 2001). However, the 
values in the study conducted by S.-S. Kim et al 2008 have exceeded the 
present study since the materials installed in the study conducted in Korea has 
included furnishings and cabinets made of pressed wood which was expected 
to emit high levels of formaldehyde. Other studies conducted in Egypt post 
occupancy (Khoder, 2000 and Khoder, 2006) have shown that the measured 
concentrations of HCHO in residential buildings are higher than those in 
office buildings. The values recorded post occupancy in Egypt also appear to 
be 4 to 7 times higher than the current study due to furniture and other factors 
considered. Although the emission of HCHO from building materials may 
diminish with time, older buildings during occupancy still show high 
concentrations that exceed the 27 ppb benchmark. The investigation 
conducted by (Khoder, 2000) was during summer while the current study was 
conducted during winter. This may be another factor that has influenced the 
readings. 
The Finnish Society of Indoor Air Quality has specified allowable 
levels for formaldehyde and ammonia such that the benchmarks are 40 and 57 
ppb respectively. The two studies that have tested ammonia levels indoors in 
Finland (H.Järnström et al., 2006 and M. Tuomainen et al., 2001) show that 
the mean and maximum levels measured are higher than the present work. 
These studies were conducted during summer and winter and indicate that the 
ammonia and formaldehyde levels measured during summer were higher than 
those in winter. The literature review on particulate matter showed that the 
investigations are mainly conducted post occupancy and indicate that 
measured particulate matter of all sizes are expected to increase during 
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building operation. Preoccupancy readings in this study were lower than 
previous studies conducted in Egypt as well as other countries (S. Dasgupta et 
al., 2009; Cattaneo et al., 2011; Abdel Salam, 2011; O. Battrawy, 2010).  
 
Radon levels measured in this current work ranged from 0 to 2.29 
pCi/L. These measurements were obtained from eight and twenty-four hour 
readings. (M. El Zaher, 2012) conducted and in-depth study in Alexandria, 
Egypt and has recorded readings in the range (0.4 to 3.57 pCi/L) when radon 
was monitored for three months in different apartment buildings. The present 
study is an indicator that building materials influence the emission of radon in 
indoor spaces, however further analysis and longer durations are needed to 
provide more accurate results. In another study by (Maged, 2005) seventeen 
types of building materials were tested for radon emission. This included 
bricks, wood, marble, granite and ceramic tiles. The highest exhalation rate 
was recorded for clay brick, followed by granite and marble and lower rates 
were recorded for different types of ceramic tiles. Radon exhalation rates from 
wood samples were very low. This coincides with the results of this research 
where the highest concentration for radon gas was measured in the site, which 
uses marble flooring followed by rooms where ceramic tiles were installed. 
The lowest concentrations were measured where parquet and HDF flooring 
were used. However, the increase in the readings after application of putty and 
primer requires further investigation to explain the effect of applying wall 
coatings to the increase in radon concentrations. 
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Table 4.7 C
urrent study results com
pared to previous research (literature review
) 
 
M
easurem
ent  
(unit) 
Source 
R
ange  
Season 
L
ocation 
C
om
m
ents 
M
inim
um
 
M
ean 
M
axim
um
 
 
 
 
 
 
 
 
 
Form
aldehyde 
H
C
H
O
 
(ppb) 
K
hoder 2000 
43 
89 
147 
Spring + 
sum
m
er 
Egypt 
O
ld residential 
buildings included 
K
hoder 2006 
28.9 
59.79 
135.5 
W
inter 
Egypt 
O
ffice building 
G
uo et al. 2012 
4.07 
87.12 
631.81 
W
inter 
C
hina 
Post occupancy 
K
.Sakai et al. 2004 
_ 
4.27 
7.57 
_ 
W
inter 
Sw
eden 
Japan 
Post occupancy 
H
.Järnström
 et al. 2006 
0 m
onths: 0.74 
15.47 
41.52 
Sum
m
er + 
w
inter 
Finland 
Preoccupancy + post 
occupancy 
12 m
onths: 0.71 
35.01 
46.41 
M
. Tuom
ainen et al. 
2001 
_  
0 m
onths 
10.01 
5 m
onths 
13.27 
_  
Sum
m
er + 
w
inter 
Finland 
Preoccupancy + post 
occupancy 
w
ith ventilation 
S.-S. K
im
 et al 2008 
170.16 
 
265.4 
372.08 
  
K
orea 
Pre occupancy fully 
furnished 
Present Study 
U
.C
: 6 
F.A
: 5.29 
35 
10.9 
99 
14.4 
W
inter 
Egypt, 
C
airo 
R
esidential- new
 
apartm
ents 
D
uring C
onstruction 
     
Legend: 
U
.C
: U
nder construction (pilot study results) 
F.A
: Finished A
partm
ents (core study results) 
Table 4.7 C
ontinued. 
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Table 4.7 C
ontinued 
 
A
m
m
onia  
N
H
3  
(ppb) 
H
.Järnström
 et al. 2006 
0 m
onths: 1.31 
60.16 
73.05 
Sum
m
er + 
w
inter 
Finland 
Preoccupancy + post 
occupancy 
12 m
onths: 1.24 
61.59 
81.64 
M
. Tuom
ainen et al. 
2001 
_ 
0 m
onths 
43.97 
5 m
onths 26.5 
 _ 
Sum
m
er + 
w
inter 
Finland 
Preoccupancy + post 
occupancy 
w
ith ventilation 
Present Study 
U
.C
: 11.5 
F.A
: 5.7 
34.1 
11.67 
 54.56 
 15.47 
W
inter 
Egypt 
R
esidential- new
 
apartm
ents 
 
R
adon G
as 
(pC
i/L) 
 M
. El Zaher 2012 
0.4 
1.12 
3.57 
 _ 
Egypt 
 R
esidential B
uildings 
3 m
onths 
 M
aged 2005 
0.65 
_ 
1.49 
_  
Egypt  
 R
esidential buildings 
3 m
onths 
 Present Study 
U
.C
: 0 
F.A
: 0.05 
0.39 
0.25  
0.78 
0.81  
1.4 (after 24 hours) 
W
inter 
Egypt 
R
esidential B
uildings 
(8 hour readings) 
  
 Legend: 
U
.C
: U
nder construction (pilot study results) 
F.A
: Finished A
partm
ents (core study results) 
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Table 4.7 C
ontinued 
 
Particulate 
M
atter  
PM
 1 
PM
 2.5 
PM
 10 
TSP 
(µg/m
3) 
S. D
asgupta et al. 2009 
high dust 45 
low
 dust 22 
161 
69 
320 
184 
_ 
B
anglade
sh 
Living room
 - post 
occupancy 
PM
 10 
C
attaneo et al. 2011 
_ 
18.5, 21.6, 
29.7 
41.9, 46.3, 
53.2 
_ 
Sum
m
er + 
w
inter 
Italy 
Post occupancy 
PM
 1, PM
 2.5, PM
 10 
A
bdel Salam
 2011 
96 
267.5 
351 
_ 
Egypt 
Post occupancy 
TSP 
O
. B
attraw
y 2010 
653.2 
705.61 
858.83 
970.21 
997.1 
1198.80 
 Sum
m
er 
+ w
inter 
Egypt 
PM
 10 
Present Study 
PM
 1:        3.2 
PM
 2.5:     6.9 
PM
 10:      20.3  
TSP:          20.3 
PM
 1:       6.5 
PM
 2.5:    13.5 
PM
 10:     37.2 
TSP:         
39.7 
PM
 1:     13.5 
PM
 2.5:  22.8 
PM
 10:   53.8 
TSP:       58.4 
W
inter 
Egypt 
R
esidential-  
new
ly finished 
apartm
ents 
Preoccupancy 
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As seen in the attached results and from the analysis of this chapter, the following 
are brief statements summarizing the results for this part of the investigation: 
 
1. Temperature and humidity recorded in January and February are outside the 
comfort range specified by the Egyptian Building Code for housing and 
residential environments. Comfort levels for temperature and humidity were 
specified as 21.8 - 30 °C and 20 - 50 %, while the maximum temperature 
recorded was 19.9 °C and humidity levels in constructed apartments range 
from 37.7 to 68.3 %. 
2. Higher levels of particulate matter were recorded during construction as 
compared to finished apartments.  
3. Minimum levels of formaldehyde in newly constructed apartments were less 
than those during construction and the maximum levels were associated 
mainly with the application of paint, which exceeds acceptable limit. Lower 
cost paints showed higher concentrations of formaldehyde.  
4. Level of Ammonia crossed the benchmark (43 ppb specified by FiSIAQ) 
especially where ceramic tiles were used. Wall coatings and wallpaper also 
contributed to increasing the levels of ammonia indoors. 
5. Radon levels are higher during construction, increased with the application of 
primer then decreased again with time. Paint had no effect on recorded radon 
levels. Highest radon levels recorded in finished apartments was correlated 
with the use of marble flooring and height above ground level. 
6. The types as well as the amount of materials used in each space both 
contribute to the levels of pollutants in each space; i.e. with application of 
primer followed by paint, the concentration of contaminants increases 
compared to the application of one type of product only that does not required 
preparatory layers.!  
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
Based on the materials used, environmental conditions and other parameters 
associated with this study, the following outcomes can be stated: 
1. Air pollutants including particulate matter, VOCs, radon and ammonia are 
present at different concentrations in residential buildings in Egypt before 
occupancy. 
2. As for VOCs, benzene was detected in higher concentration compared to 
toluene and xylene.  
3. The age of the building and time of occupancy contribute to the types and 
concentration of indoor pollutants in residential buildings. 
4. The application of mainstream materials available in the Egyptian market, 
using common construction practices does not fulfill thermal comfort 
requirements specified by the Egyptian Building Code for housing and 
residential environments during the months of January and February. 
5. Building materials, especially preparatory coatings and finish coatings are 
sources to multiple pollutants including formaldehyde and ammonia. 
6. Indoor pollutants generated during construction remain high during the 
first few months after construction. Formaldehyde concentration decreases 
with time, while ammonia remains at a high concentration, exceeding 
acceptable limits for twelve months after construction. 
7. The application of coatings has resulted in a decrease in the measured 
levels of particulate matter during the final stages of construction. This 
suggests that airborne particulates are trapped in the layer of coating 
during and after its application.  
8. Among flooring materials, rooms with wooden flooring have shown lower 
concentrations of radon and formaldehyde as well as improved 
temperature and relative humidity levels than rooms with ceramic and 
porcelain tiles. 
9. Ceramic tiles, porcelain and marble contribute to higher radon levels than 
wooden flooring including parquet and High Density Fiberboard (HDF). 
The types of wooden floors used in this study were not treated with any 
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coatings, and have shown acceptable results as compared to pressed wood 
and laminates used in previous studies. 
10. Available air monitoring and sampling methods vary in their detection 
range and accuracy therefore direct reading devices were replaced using 
chemical analysis techniques to provide more accurate results.  
5.2 Recommendations 
5.2.1 Future Work 
The results of this study have demonstrated differences in the level of 
emissions resulting from the different materials tested. However, there are 
some limitations in the interpretation of the results, which can be addressed 
with future work. The following are some suggestions to overcome these 
limitations in future work; 
• Monitoring IAQ in the same rooms for longer time periods; for at least 
twelve months after the completion of construction process. The purpose 
of this is to define changes in emission rates and the time needed to 
maintain desirable IAQ. 
• Repeating readings in the same location to provide more accurate results. 
• Applying the same study during summer to test the effect of climatic 
changes on indoor air (changes in temperature and relative humidity).  
• Identifying a wider group of VOCs using the same method by obtaining 
the standard solution for analysis using Gas Chromatography (GC). 
Unidentified compounds can be quantified by running the same test used 
in this study. This will require preparing standard solutions for potential 
compounds and comparing them to the collected samples. 
• Testing a wider range of materials is essential to confirm the results and 
patterns of the contaminants generated at each stage of application.  
• Investigating new material options including decomposing agents, which 
can break down harmful contaminants (Kim, 2006), materials with 
hygroscopic properties (such as breathing walls), which can maintain RH 
within moderate levels (Straube et al. 2001) as well as dust repellent 
coatings. 
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5.2.2 Material Certification and Building Code Modifications 
 
The availability of a classification scheme, defined standards and monitoring 
procedures for indoor air pollutants is necessary to reduce the presence of 
harmful emissions in built environments. This requires the development of a 
holistic framework, which monitors building products before installation until 
their application, to the completion of construction process. The framework is 
necessary to ensure the effectiveness of the evaluation criteria in reducing 
exposure levels in real time applications. 
• The screening of products is essential especially for formaldehyde and 
ammonia, which were released at high concentrations from coatings and 
flooring materials tested in this study. The products can be classified into 
Class A, B and C depending on the lab tests conducted and their emission 
factors. From this categorization, the following can be facilitated: 
o Reduction by source control: To reduce IAQ problems and to 
minimize the presence of pollutants indoors it is necessary to adopt 
appropriate source control strategies first by avoiding products that 
emit high amounts of organic vapors. This can be achieved by 
enforcing regulations where material safety data sheets should be 
available for materials in the market, in addition to the classification 
scheme. The goal is to provide transparency about the materials 
available and to facilitate the process of selection for designers and 
engineers in the field. 
o Removal: Specification of materials that can contribute to reducing 
pollution levels such as paints that can break down VOCs and are 
repellant to particulate matter. 
• On the building level, a suitable assessment scheme should be specified 
and applied by defining acceptable standards (short and long term 
exposure limits) in the residential sector in Egypt. 
• Delaying occupancy to provide enough time after the completion of 
construction for the reduction of pollutant levels that are emitted as a result 
of materials used. 
• The availability of testing tools and IAQ monitoring devices that provide 
instantaneous readings to facilitate the process of assessment. 
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Appendix 1 
International Green Construction Code Requirements 
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IGCC Public Version 2.0 
Exceptions: 
1. Group S, F, H and U occupancies shall not be required to comply with this section. 
2. A building shall not be required to be flushed-out where it is tested for indoor air quality and the 
testing results indicate that the levels of VOC’s are acceptable. 
 
804.4 Building Entrances. All building entrances shall employ an entry mat system that shall have a 
scraper surface, an absorption surface, and a finishing surface in accordance with Sections 804.4.1 
through 804.4.3. Each surface shall be not less than the width of the entry opening, and the minimum 
length is measured in the primary direction of travel. 
 
Exceptions: 
1.  Entrances to individual dwelling units. 
2.  The length of entry mat surfaces is allowed to be reduced because of a barrier, such as a 
counter, partition or wall, or where local regulations prohibit the use of scraper surfaces 
outside of the entry. In such cases, the entry mat surfaces shall have a minimum length of 3 ft 
(914mm) of indoor surface, with a minimum combined length of 6 ft (1829 mm). 
 
804.4.1 Scraper Surface. The scraper surface shall comply with all of the following: 
1. It shall be the first surface stepped on when entering the building. 
2. It shall be either immediately outside of or inside of the entry. 
3. It shall be not less than 3 feet (914mm) in length. 
4. It shall consist of permanently mounted grates or removable mats with knobby or squeegee like 
projections. 
 
804.4.2 Absorption Surface. The absorption surface shall comply with all of the following: 
1. It shall be the second surface stepped on when entering the building. 
2. It shall be not less than 3 feet (914mm) in length and made from materials that can perform 
both a scraping action and a moisture wicking action. 
 
804.4.3 Finishing Surface. The finishing surface shall comply with all of the following: 
1. It shall be the third surface stepped on when entering the building. 
2. It shall be not less than 4 feet (1219mm) in length and made from materials that will both 
capture and hold any remaining particles or moisture. 
 
 
SECTION 805 
ASBESTOS USE PREVENTION 
 
805.1 Scope. The use of materials containing asbestos in building construction shall be prohibited.  
 
Î 
 
SECTION 806 
MATERIAL EMISSIONS & POLLUTANT CONTROL 
 
806.1 Emissions from glued wood products.  Glued wood products used interior to the approved 
weather covering of the building shall comply with the emission limits or be manufactured in accordance 
with the standards cited in Table 806.1. Compliance with emission limits shall be demonstrated following 
the requirements of Section 93120 of title 17, California Code of Regulations, Airborne Toxic Control 
Measure to Reduce Formaldehyde Emissions from Composite Wood Products. 
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IGCC Public Version 2.0 
 
Exceptions:  
 
1. Glued wood products that are made using adhesives that do not contain urea-
formaldehyde (UF) resins. 
2. Glued wood products that are sealed on all sides and edges. 
3. Glued wood products that are used to make elements considered to be furniture, fixtures 
and equipment (FF&E) that are not permanently installed. 
 
TABLE 806.1  
GLUED PRODUCTS EMISSIONS 
PRODUCT FORMALDEHYDE LIMIT (ppm) STANDARD  
Hardwood plywood 0.05 - 
Particle board 0.09 - 
Medium density fiberboard 0.11 - 
Thin medium density fiberboarda 0.13 - 
Wood Structural Panels (plywood 
and OSB) manufactured with 
moisture resistant adhesives rated 
with the EXTERIOR or 
EXPOSURE 1 Bond Classification 
- DOC PS1 or  DOC PS2 
Prefabricated I-joist - ASTM D5055 
Structural Composite Lumber - ASTM D5456 
a. Maximum thickness of 5/16 inch (8mm). 
 
806.2 Adhesives and sealants. A minimum of 85 percent by weight or volume, of site applied adhesives 
and sealants shall comply with the VOC content limits in Table 806.2(1) or alternative VOC emissions 
limits in Table 806.2(2). The VOC content shall be determined in accordance with the appropriate 
standard being either U.S. EPA Method 24, SCAQMD Method 304, 316A or 316B. The exempt 
compound content shall be determined by either SCAQMD Methods 302 and 303 or ASTM D 3960. 
Table 806.2(1) adhesives and sealants regulatory category and VOC content compliance determination 
shall conform to the SCQMD Rule 1168 Adhesive and sealant Applications as amended on 1/7/05. The 
provisions of this section shall not apply to adhesives and sealants subject to state or federal consumer 
product VOC regulations.  HVAC duct sealants shall be classified as “Other” category within the 
SCAQMD Rule 1168 sealants table. 
 
Exception: HVAC air duct sealants are not required to meet the emissions or the VOC content 
requirements when the air temperature in which they are applied is less than 40°F (4.5°C). 
 
Table 806.2(2) adhesive alternative emissions standards compliance shall be determined utilizing test 
methodology incorporated by reference in the CDPH/EHLB/Standard Method V1.1 “Standard Method for 
the Testing and Evaluation of Volatile Organic Chemical Emissions from Indoor Sources Using 
Environmental Chambers Version 1.1” dated February 2010. The alternative emissions testing shall be 
performed by a laboratory that has the CDPH/EHLB/Standard Method V1.1 test methodology in the 
scope of its ISO 17025 Accreditation.  
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TABLE 806.2(1) 
SITE APPLIED ADHESIVE AND SEALANTS VOC LIMITS 
ADHESIVE VOC LIMIT 
Indoor carpet adhesives  50 
Carpet pad adhesives 50 
Outdoor carpet adhesives 150 
Wood flooring adhesive 100 
Rubber floor adhesives 60 
Subfloor adhesives 50 
Ceramic tile adhesives 65 
VCT and asphalt tile adhesives 50 
Dry wall and panel adhesives 50 
Cove base adhesives 50 
Multipurpose construction adhesives 70 
Structural glazing adhesives 100 
Single ply roof membrane adhesives 250 
Architectural Sealants 250 
Architectural Sealant Primer 
        Non Porous 
        Porous 
 
250 
775 
Modified Bituminous Sealant Primer 500 
Other Sealant Primers 750 
CPVC solvent cement 490
PVC solvent cement 510  
ABS solvent cement 325  
Plastic Cement Welding 250 
Adhesive Primer for Plastic 550 
Contact Adhesive 80 
Special Purpose Contact Adhesive 250 
Structural Wood Member Adhesive 140 
a. VOC limit less water and less exempt compounds in grams/liter 
b. For low-solid adhesives and sealants, the VOC limit is expressed in grams/liter of material as specified in Rule 1168. For all 
other adhesives and sealants, the VOC limits are expressed as grams of VOC per liter of adhesive or sealant less water and 
less exempt compounds as specified in Rule 1168. 
 
TABLE 806.2(2) 
VOC EMISSION LIMITS 
VOC LIMIT 
Individual VOCs ≤ ½ CA chronic RELa 
Formaldehyde ≤ 16.5 µg/m3 or ≤ 13.5 ppbb 
a. CDPH/EHLB/Standard Method V1.1 Chronic Reference Exposure Level (CREL) 
b. Effective January 1, 2012 limit becomes less than or equal to the CDPH/EHLB/Standard Method V1.1 CREL (≤ 9 µg/m3 or ≤ 7 
ppb) 
 
806.2.1 Single-ply roof membrane adhesives. Single-ply roof membrane adhesives shall be 
exempt from the requirements of Table 806.2(1) in climate zones 6, 7 and 8 as identified in the 
2009 IECC. 
 
806.3 Architectural paints and coatings. A minimum of 85 percent by weight or volume, of site-applied 
interior architectural coatings shall comply with VOC content limits in Table 806.3(1) or the alternate 
emissions limits in Table 806.3(2). The exempt compound content shall be determined by ASTM D3960. 
 
Table 806.3(2) architectural coating alternate emissions standards compliance shall be determined 
utilizing test methodology incorporated by reference in the CDPH/EHLB/STANDARD METHOD V.1.1 
“Standard Method For The Testing And Evaluation Of Volatile Organic Chemical Emissions From 
Text
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Indoor Sources Using Environmental Chambers Version 1.1” dated February 2010.  The alternative 
emissions testing shall be performed by a laboratory that has the CDPH/EHLB/STANDARD METHOD 
V 1.1 test methodology in the scope of its ISO 17025 Accreditation.  
 
806.4 Flooring A minimum of 85 percent of the total area of flooring installed within the interior of the 
building shall comply with the requirements of Table 806.4 (2). Where flooring with more than one 
distinct product layer is installed, the emissions from each layer shall comply with these requirements.  
The test methodology used to determine compliance shall be from CDPH/EHLB/STANDARD METHOD 
V.1.1 “Standard Method For The Testing And Evaluation Of Volatile Organic Chemical Emissions From 
Indoor Sources Using Environmental Chambers Version 1.1” dated February 2010. The emissions testing 
shall be performed by a laboratory that has the CDPH/EHLB/STANDARD METHOD V 1.1 test 
methodology in the scope of its ISO 17025 Accreditation.  
 
Where post manufacture coatings or surface applications have not been applied, the flooring listed in 
Table 806.4(1) shall be deemed to comply with the requirements of Table 806.4(2). 
 
806.5 Acoustical ceiling tiles and wall systems. A minimum of 85 percent of acoustical ceiling tiles and 
wall systems, by square feet, shall comply with the requirements of Table 806.5(2). Where ceiling and 
wall systems with more than one distinct product layer are installed, the emissions from each layer shall 
comply with these requirements. The test methodology used to determine compliance shall be from 
CDPH/EHLB/STANDARD METHOD V.1.1 “Standard Method For The Testing And Evaluation Of 
Volatile Organic Chemical Emissions From Indoor Sources Using Environmental Chambers Version 
1.1” dated February 2010. The emissions testing shall be performed by a laboratory that has the 
CDPH/EHLB/STANDARD METHOD V 1.1 test methodology in the scope of its ISO 17025 
Accreditation.  
  
Where post manufacture coatings or surface applications have not been applied, the ceiling or wall 
systems listed in Table 806.5(1) shall be deemed to comply with the requirements of Table 806.5(2). 
 
806.6 Insulation. A minimum of 85 percent of insulation shall comply with the requirements of Table 
806.6. The test methodology used to determine compliance shall be from CDPH/EHLB/STANDARD 
METHOD V.1.1 “Standard Method For The Testing And Evaluation Of Volatile Organic Chemical 
Emissions From Indoor Sources Using Environmental Chambers Version 1.1” dated February 2010.  The 
emissions testing shall be performed by a laboratory that has the CDPH/EHLB/STANDARD METHOD 
V 1.1test methodology in the scope of its ISO 17025 Accreditation.  
 
TABLE 806.3(1) 
VOC CONTENT LIMITS FOR ARCHITECTURAL COATINGSc,d,e 
 Effective: JANUARY 1, 2010 Effective: JANUARY 1, 2012 
Coating Category LIMIT
a 
g/l 
LIMITa 
g/l 
Flat Coatings 50  
Non-flat Coatings 100  
Non-flat - High Gloss Coatings 150  
Specialty Coatings:   
Aluminum Roof Coatings 400  
Basement Specialty Coatings 400  
Bituminous Roof Coatings 50  
Bituminous Roof Primers 350  
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 Effective: JANUARY 1, 2010 Effective: JANUARY 1, 2012 
Bond Breakers 350  
Concrete Curing Compounds 350  
Concrete/Masonry Sealers 100  
Driveway Sealers 50  
Dry Fog Coatings 150  
Faux Finishing Coatings 350  
Fire Resistive Coatings 350  
Floor Coatings 100  
Form-Release Compounds 250  
Graphic Arts Coatings (Sign 
P i t )
500  
High Temperature Coatings 420  
Industrial Maintenance Coatings 250  
Low Solids Coatings 120b  
Magnesite Cement Coatings 450  
Mastic Texture Coatings 100  
Metallic Pigmented Coatings 500  
Multi-Color Coatings 250  
Pre-Treatment Wash Primers 420  
Primers, Sealers, and 
U d t
100  
Reactive Penetrating Sealers 350  
Recycled Coatings 250  
Roof Coatings 50  
Rust Preventative Coatings 400 250 
Shellacs, Clear 730  
Shellacs,ҏ Opaque 550  
Specialty Primers, Sealers, and   
    Undercoaters 350 100 
Stains 250  
Stone Consolidants 450  
Swimming Pool Coatings 340  
Traffic Marking Coatings 100  
Tub and Tile Refinish Coatings 420  
Waterproofing Membranes 250  
Wood Coatings 275  
Wood Preservatives 350  
Zinc-Rich Primers 340  
a. Limits are expressed as VOC Regulatory (except as noted), thinned to the manufacturer’s maximum thinning recommendation, 
excluding any colorant added to tint bases. 
b. Limit is expressed as VOC actual. 
c. The specified limits remain in effect unless revised limits are listed in subsequent columns in the table. 
d. Values in this table are derived from those specified by the California Air Resources Board, Architectural Coatings Suggested 
Control Measure, February 1, 2008.   
e. Table 806.3(1) architectural coating regulatory category and VOC content compliance determination shall conform to the 
California Air Resources Board Suggested Control Measure for Architectural Coatings dated February 1, 2008. 
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Table 806.3(2) 
ARCHITECTURAL COATINGS VOC EMISSION LIMITS  
VOC  LIMIT 
Individual  ≤½ CA chronic RELa 
Formaldehyde ≤ 16.5 ug/m³  or   ≤ 13.5 ppb 
a. CA Chronic Reference Exposure Level (CREL)  
 
TABLE 806.4 (1) 
FLOORING DEEMED TO COMPLY WITH VOC EMISSION LIMITS 
Ceramic and concrete tile 
Organic-free, mineral-based 
Clay pavers 
Concrete pavers 
Concrete 
Metal 
 
 
TABLE 806.4(2) 
FLOORING VOC EMISSION LIMITS 
 VOC LIMIT 
Individual VOCs ≤½ CA chronic RELa 
Formaldehyde ≤ 16.5 ug/m³ or ≤ 13.5 ppb 
a. CA Chronic Reference Exposure Level (CREL) 
 
 
TABLE 806.5 (1) 
CEILING AND WALL SYSTEMS DEEMED TO COMPLY  
WITH VOC EMISSION LIMITS 
 
Ceramic tile 
Organic-free, mineral-based  
Clay masonry 
Concrete masonry 
Concrete 
Metal 
 
 
TABLE 806.5(2) 
ACOUSTICAL CEILING TILES AND WALL SYSTEMS  
VOC EMISSION LIMITS 
 
VOC LIMIT 
Individual ≤½ CA chronic RELa 
Formaldehyde ≤ 16.5 ug/m³ or ≤ 13.5 ppb 
a. CA Chronic Reference Exposure Level (CREL)      
b. Defined to be the total response of measured VOCs falling within the C6-C16 range, with responses calibrated to a toluene 
surrogate. 
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TABLE 806.6 
INSULATION 
VOC EMISSION LIMITS 
 
VOC  LIMIT 
Individual VOCs ≤½ CA chronic RELa 
Formaldehyde ≤ 16.5 ug/m³ or ≤ 13.5 ppb 
a. CA Chronic Reference Exposure Level (CREL) 
 
 
SECTION 807 
ACOUSTICS 
 
807.1 Sound transmission. Buildings and tenant spaces shall comply with the sound transmission 
requirements of Sections 807.2 through 807.5.2.  
 
 Exception:  The following buildings and spaces need not comply with this section: 
 
 1. Building or structures that have the interior environment open to the exterior environment. 
 
 2. Parking structures. 
 
 3. Concession stands and toilet facilities in Group A-4 and A-5 occupancies. 
 
807.2 Exterior sound transmission. Where Group A1, A3, E and I occupancy buildings, Group B 
occupancy buildings used for educational purposes, or Group R are constructed at the locations listed in 
Items 1 through 4, the wall and roof-ceiling assemblies making up the building envelope shall have a 
sound transmission class (STC) or outdoor-indoor transmission class (OITC) of not less than 50, the 
windows and doors in the building envelope walls shall have a sound transmission class (STC) or 
outdoor-indoor transmission class (OITC) of not less than 30, the sliding doors in the building envelope 
walls shall have a sound transmission class (STC) or outdoor-indoor transmission class (OITC) of not less 
than 28 and the hinged doors in the building envelope walls shall have a sound transmission class (STC) 
or outdoor-indoor transmission class (OITC) of not less than 30. Where the sound transmission is field 
tested, the sound transmission shall be not less than 45 STC or OITC for wall and roof-ceiling assemblies 
and not less than 25 STC or OITC for windows and doors. Transmission classes shall be determined in 
accordance with ASTM E90 for sound transmission class (STC) values or ASTM E1332 for outdoor-
indoor transmission class (OITC) values. 
 
1. Within 1000 feet (300 m) of a freeway, fire station, fuel dispensing facility, factory, industrial or 
manufacturing zone or facilities, commercial storage facility, or sports arena or stadium. 
 
2. Within 500 feet (150 m) of a roadway  containing  4 or more traffic lanes. 
 
3. Within the published DNL 65 dBA noise contour associated with a commercial airport, or where 
such information is lacking, within 5 miles (8 km) of a commercial airport. 
 
4. Within 3,000 feet (900 m) of an active railway. 
 
807.3 Interior sound transmission. Wall and floor-ceiling assemblies that separate Group A, F and M 
occupancies from Group B, I or R occupancies shall have a sound transmission class (STC) of not less 
134
  
 
  
Appendix 2 
Floor Plans of Studied apartments 
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Core Study: Room 1 and 2 locations 
Ground Floor Plan  
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Core Study: Room 3 and 4 locations 
Lower Ground Floor Plan  
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